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Foreword

By S. V. KAYE*

It has often been said that we know more about radiation than any other
pollutant known.to man. We are at this vantage point now because of an early
concern for radiation protection when nuclear programs were developing at
U.S. Government and university laboratories. Indeed, the protection of man
and his environment from the harmful effects of ionizing radiation came to be
known as the field of health physics and benefited from considerable previous
experience in. medical physics and a vigorous program in radiation biology. To
properly appreciate where we are now in our ability to assess radlonuchdeA
releases, it is necessary to trace the path of development.

Assessment of radionuclide releases to the environment was first required
on a somewhat large scate in the 1940s for the environs of the major nuclear
research and production facilities operated for the Federal Government; meas-
urement and assessment of worldwide fallout from nuclear testing required a
- large effort starting in the 1950s. This early work placed much emphasis on
environmental measurements, which frequently were reported as gross beta-
gamma or gross alpha because spectrometry systems had not yet reached full
versatility. Investigators were usually not able to calculate radionuclide-specific
doses because of this restriction, so the early -“assessments” were more typically
“monitoring” than assessments.

The United States initiated the Plowshare Program in 1957 to use nuclear
explosives for peaceful purposes. This program created an immediate need for
predicting the dispersion and ultimate fate of radionuclides that might be
vented to the atmosphere or enter .the groundwater and expose man. Experi-
ence from previous assessments related to facility operations and worldwide
fallout studies proved very useful and were augmented with new considerations

*Director, Health and Safety Research Division, Oak Ridge National Laboratory,
Oak Ridge, Tenn.
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of exposures due to resuspension and potential contamination of natural
resources such as natural gas, oil, and deep aquifers. Typical assessments
involved estimation of annual somatic and 30-year gonadal doses for compari-
son to limits recommended by the International Commission on Radiological
Protection. Improvements in methodology and refinements in data used to
implement transport and dosimetry models were made during the relatively:
short duration of the Plowshare Program. Bioenvironmental data for a large
number of radionuclides were compiled by radioecologists, with particularly
valuable contributions by Lawrence Radiation Laboratory (now Lawrence
Livermore National Laboratory). By the late 1960s engineering systems
analysis had been demonstrated in several publications as a useful tool to
predict radionuclide movement in environmental exposure pathways by using
computer codes developed originally to study reactor dynamics. The Plowshare
Program is now gone, but systems analysis remains as a major predictive tool
for assessing radionuclide releases.

Several reports published from 1959 to 1962 by special workmg groups. of
the Committee on Oceanography of the National Academy of
Sciences—National Research Council addressed disposal of radioactive waste in
Atlantic and Pacific coastal waters. Maximum permissible specific activities of
radionuclides in seawater were. the principal. numerical . guides of the
committee’s publications.

‘Both Oak Ridge National Laboratory (ORNL) and the Hanford Works
(called Pacific Northwest . Laboratory, Battelle-Northwest since takeover by
Battelle Memorial Institute in 1965) completed .comprehensive bioenvironmen-
tal studies to assess the radiological safety of their operations. The Clinch
River Study was summarized in a number of documents by ORNL. The study
utilized extensive measurements to estimate total releases, pathways resulting-
in human exposure, and dietary factors contributing to doses received by popu-
“lations living downstream from the nuclear operations. The Columbia River
Study was very comprehensive because it attempted to verify calculations of
body burdens in the exposed population by whole-body counting and bioassay
measurements. The results of this study were also well documented in the
literature.

By the mid- to late 1960s the civilian nuclear power program started to
gain momentum and was able to make immediate use of the methodologies
developed for assessing radiological releases at the national laboratories and
other federally supported institutions. Two example applications sponsored by
the U.S. Atomic Energy Commission (AEC) were the Upper Mississippi River
Basin Study and.the Tennessee Valley Region Study. The National Environ-
mental Policy Act (NEPA) of 1969, which was signed into law in January
1970, required Federal agencies to prepare detailed and comprehensive assess-
ments of all potential environmental impacts resulting from any major project
under their charge. In the case of nuclear power stations to be operated by
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utilities, the AEC was responsible for preparing an environmental impact state-
ment for each facility seeking a construction permit.

Potential radiological releases from both routine operations and postulated
accidents were considered even in the initial environmental impact statements,
and actions were taken by the AEC to standardize the radiological assessment
methodology. AEC staff met with radiological assessment scientists of Argonne
National Laboratory, Pacific Northwest Laboratory, and Oak Ridge National
Laboratory to seek mutual agreement on dosimetry models, human dietary fac-
tors, energy decay schemes, bioaccumulation factors, etc., to be used in radio-
logical sections of environmental impact statements being prepared by the
laboratories for the AEC. These data bases and models established the ground-
work for the U.S. Nuclear Regulatory Commission Regulatory Guide 1.109
and other guides which were issued several years later. As a result of the Cal-
vert Cliffs decision in 1971, the AEC was required to consider all environmen-
tal issues, whereas previously they had accepted responsibility only for radio-
logical impacts. The U.S. Nuclear Regulatory Commission (NRC) inherited
the responsibility for preparing environmental impact statements for utility-
operated power stations when it was formed in 1974, simultaneous with abol-
ishment of the AEC. The AEC’s successors, the U.S. Energy Research and
Development Administration and later the U.S. Department of Energy, contin-
ued to have responsibility for preparing such statements on nuclear-fuel-cycle

projects that were funded under their budgets for nuclear power development. -
". - . Most radiological assessments that antedate NEPA were prepared using
conservative methodologies. However, NEPA gave birth to public hearings and’
reviews by other government agencies and special interest groups. There was
pressure to reduce the dose limits for operating nuclear facilities through regu-
latory changes, and the “as low as practicable” (ALAP) concept [later changed
to “as low as reasonably achievable” (ALARA)], as set forth in the Code of
Federal Regulations, Part 50, Appendix I, was formalized by the NRC and
applied to proposed plant designs to further reduce potential exposures. Since
Appendix I set forth numerical design objectives which translated into doses
that were a small fraction of natural background levels, there was a need to
refine the radiological assessment methodologies and eliminate excessive con-
" servatism in the calculations. Some important changes included the use of
average rather than maximum values for physical transport and bioaccumula-
tion and consideration of existing pathways in the environs rather than the
“fence post cow.” Soon some concern was expressed about the uncertainties
associated with use of radiological assessment models, and efforts to address
that concern were initiated. A historical milestone was the workshop “The
Evaluation of Models Used for the Environmental Assessment of Radionuclide
Releases” held at Gatlinburg, Tennessee, in September 1977 and sponsored by
the newly formed U.S. Department of Energy. The workshop resulted in a
series of critiques on the status of various models and components making up




xiv Foreword

the assessment methodology. Recommendations were made on limitations on
their use, uncertainties, and further research that would be required. The NRC
responded over the next 2 to 3 years by funding many of the items recom- -
mended for research. '

Another milestone was the publication of the Reactor Safety Study
(Report WASH-1400), which was the first comprehensive application of prob-
abilistic risk analysis (PRA) to reactor safety. The performance of some
nuclear power stations is now being assessed with PRA techniques, which con-
sider all events involving people, machines, and environmental interactions to
arrive at an estimate of the risk to the public from operation of the facility. Is
it too unlikely to assume that someday nuclear plants might be licensed princi-
pally on the results of PRA?

The progress made in the past decade in assessing radionuclide releases to
the environment has been outstanding. Many important decisions continue to
be made on the basis of calculational techniques because actual measurements
may not be possible. This book fulfills the need to compile and document the
current calculational models, data bases, and regulatory standards most widely
used for assessing routine and accidental releases of radionuclides to the
environment. Further changes are likely, but the numerical values of estimated
doses to. the. public may not change much in the next 5 to 10 years compared
to the changes that have advanced us to our present capability. It is hoped that
our understanding of what these predictions mean may be advanced consider-
. ably through validation studies. We have come a long. way, but there is still

room. for more progress. : : '
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Preface

Radiological assessment is the quantitative process of estimating the
consequences to humans resulting from the release of radionuclides to the bio-
sphere. It is a multidisciplinary subject requiring the expertise of a number of
individuals in order to predict source terms, describe environmental transport,
calculate internal and external dose, and extrapolate dose to health effects. Up
to this time there has been available no-comprehensive book describing, on a
uniform and comprehensive level, the techniques and models used in radiologi-
cal assessment. Because of the increasing importance.of this subject, the need
for such a book is evident. S

Radiological - Assessment is based on material presented at. the 1980

- Health Physics Society Summer School held in Seattle, Washington. The
‘material has been expanded and edited to make it comprehensive in scope and

useful as a text. Because the book includes the contributions of a number of
individuals, there is some disparity in style and depth among the chapters. In
addition, although there is consistency in the use of symbols and units within
each chapter, individual chapters may use different systems of measurement:
SI alone, dual units, or a composite of SI and conventional units.

A basic understanding of integral calculus, nuclear and radiation physics,

" statistical methods, and radiation biology is needed to thoroughly comprehend

and apply the broad spectrum of concepts discussed in the book. It is written
primarily as a graduate-level textbook, incorporating both example problems
that illustrate application of specific models and working problems at the end
of chapters. It is also intended that the book be a reference manual to explain
and assist in the use of models for radiological assessments in the preparation

_ of environmental impact statements, engineering design of facilities, and

release of radionuclides from operating facilities. It is emphasized, however,
that Radiological Assessment is not meant to be a replacement for U.S.
Nuclear Regulatory Commission (NRC) guides or other accepted modeling
practices, but is rather a supplement to such accepted practices.
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Introduction

J. E. Till*
H. R. Meyer' .

Because of continued and intense interest in the effects of radioactivity on

" man and his environment, the transport, uptake, and health impact of radionu-

clides released to the biosphere have been well studied by scientists. It is cer-
tain that the prediction of the impact of radionuclides in the environment is
much better understood than that of nonradioactive pollutants. One of the pri-

. mary purposes of this book is to link, in one document, the models and data

mest commonly- used to simulate the movement and effects of-radionuclides in
the environment. : .

The ultimate goal of radiological assessment is to show the relationship
between ‘the “source term,” or quantity and types of released radionuclides,
and the potential effect on human health. The assessment process must
proceed in a logical fashion, following the radioactive pollutant of interest from
its point of origin along various exit pathways to the environment, then consid-
ering its transport in air, water, soil, or food sources to man. Once transport.
and intake are determined, the dose from radiation and resulting risk to health
can be calculated. Figure | illustrates the major steps in this process, identify-
ing chapters in which each step is addressed and showing the relationship
between calculated results.

Chapter 1 considers the source terms typically encountered in radiological
assessment and demonstrates their derivation. The ultimate goal of source term
development is to determine, through measurement or theoretical calculation,
the type and quantity of radionuclides emitted, in activity per unit time. The
chemical and physical form of the releases must also be considered. Unfor-
tunately, in the past too little emphasis was placed on the accurate estimation
of source terms, and it is likely that considerable uncertainty still exists in this

*Radiological Assessments Corporation, Neeses, S.C.
tOak Ridge National Laboratory, Oak Ridge, Tenn.
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Figure 1. Major steps in radiological "assessment and the chapters in which
they are addressed.
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area for many assessments. This chapter discusses source terms for routine
releases, that is, controlled releases of radionuclides during normal operation of
a facility over a prolonged period of time.

Chapters 2, 3, and 4 deal with the primary mechanisms of radionuclide
transport through air, surface water, and groundwater. The objective here is to
predict the concentrations of radionuclides reaching humans directly, or
indirectly through the foods they eat. These models simulate physical transport
and are generally considered to be element-specific and independent of the par-
ticular isotope originally released in the source term. The key product of trans-
port models is an estimate of the activity per unit volume of air or water.

The next step in radiological assessment is to determine the deposition of
radionuclides onto terrestrial or aquatic environments and to estimate bioaccu-
mulation. This subject is discussed in Chapter 5. The goal is to quantitatively
predict the concentration of radionuclides once they have entered the food

" chain, in terms of activity per unit mass ingested. Beczuse of the variety of
routes and radionuclides to be considered in this phase of the assessment pro--
cedure, this chapter presents numerous tabulations of data specific to the vari-
ables to be considered.

Chapter 6 deals with rates of intake of various food products, and
accepted metabolic parameters for members of the human population. - The
chapter primarily discusses characteristics of a hypothetical individual rather
than a specific person or group of people. The content of Chapter 6 is an
important link between the concentrations calculated in Chapters 2 to 5 and
the final determination of dose; it is only through the application of these
usage factors that one can estlmate the quantity of each radionuclide entering
the body.

Chapters 7- and 8 concern internal and external dosimetry, respectively.
The authors discuss health physics techniques used to estimate the energy to -
be deposited in various organs of the body via radionuclide inhalation and
ingestion or through direct, external exposure. Although these chapters
present a detailed review of dose calculation, they also tabulate dose conversion
factors for many radionuclides, providing values which can be applied directly
in radiological assessments.

Tritium and 'C, because of their tendency to move freely through
biological systems, and their association with their abundant stable element
counterparts, are treated as special cases. The special case models are
addressed in Chapter 9, which also discusses methods used to estimate global
circulation and dose for 3H, '*C, ¥Kr, and '¥L

Once the absorbed radiation dose is calculated, health detriment can be
estimated by applying one or more risk factors based largely on epidemiologi-
cal data. Determination of the risk from radiation exposure is discussed in
Chapter 10. Levels of exposure to radiation are usually very low, and related
effects are not observable in the context of the background health effects rate
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in the population. Therefore, the estimation of risk from radiation exposure is .
a difficult process, subject to frequent reevaluation.

The calculation of radiological risk, from source term development to risk
extrapolation, is obviously based on numerous sets of data and assumptions of
varying levels of accuracy. Chapter 11 discusses approaches to determining
the overall level of confidence in radiological assessment calculations, consider-
ing the uncertainty associated with each step. It emphasizes the mechanism of
determining model uncertainty and reviews procedures for limiting the scope of
a problem prior to engaging in formal uncertainty analysis.

Chapter 12 deals with the historical development of regulatory standards
and lists the current standards used as the basis for protection of the public
from radionuclide releases. The chapter is meant to provide a quick reference
to these current standards and a perspective on thecevolutionary process pro-
ducing them. :

Given the complexity associated with the calculations necessary to per-
form a thorough assessment, it is not surprising that a large number of com-
puter codes have been developed by organizations requiring repetitive,
reproducible results. Chapter 13 provides a careful look at good modeling tech-

. niques and presents examples from models currently being used for assessment
purposes. . '

Chapter 14 considers the assessment of accidental releases, from the
standpoint of reactor personnel responsible for developing emergency prepared-

_ness programs at a facility. Tt focuses on modeling and monitoring require-
ments and on the essential element. of communication with. outside authorities.
during an emergency. It is presented in Radiological Assessment to acquaint
the reader with this rapidly developing branch of the field, and identifies a

. number of areas, including probabilistic source term development, short-term
transport models, and. short-term .and age-dependent. dosimetry, in which
research is currently in progress.

In conclusion, the rapid development of radiological assessment as a disci-
pline is worthy of mention. The assessment process has become an essential
step in the regulatory preoperational evaluation of discharges of radioactivity
to determine important pathways of exposure, key radionuclides in the source
term, and critical exposure groups or populations. For planned or operating
emission sources, it is relied upon to guide effluent treatment system develop-
ment and operation. It has become necessary in the guidance of environmental
surveillance programs to estimate concentrations in the biosphere that are
below detectable limits and to convert measured values of radionuclide intake
and exposure into estimates of health effects. It is often the only mechanism
we have to analyze the potential impact of radionuclide releases to the bio-
sphere. It is important to understand, however, that even though radiological
assessment has developed rapidly, it is still a new field and continued improve-
ment in its data base and methodologies can be expected in the future.




Source' Terms for Nuclear
Facilities, and Medical
and /ndustria/ Sites

By G. G. EICHHOLZ*

1.1 INTRODUCTION

Radiological assessment is a linear process; that is, the health effects of
radioactive releases to the environment depend directly on the quantity and
form of any radionuclide introduced into the sequence of calculations shown in
Fig. 1 in the Introduction. This initial quantity, comprising all radionuclides of
interest, is referred to as the “source term.” The nature of the source term will
vary, of course, with the process and facility being considered, but in many
cases, once the source term has been defined, most of the subsequent migration
paths will be similar, though their relative importance may vary.

Only rarely will there be any direct exposure of the surrounding population
by radiation emitted from a nuclear facility; in practice, one is concerned only
with the transport of the radioactive materials emitted, usually in trace (ppm
or ppb) concentrations, through airborne or liquid pathways. For this reason,
any activity contained in the source term is of interest only if it is mobile in
the environment, that is, capable of escaping from any containment or encap-
sulation in a form that would enable it to travel along environmental pathways
or be carried as surface contamination on packages, vehicles, or other trans-
ported bodies. In examining the source terms, therefore, one must assess the
probability of escape from the containment under routine use conditions or in
any postulated accident situation. There is little interest in components that are
inherently immobile, well fixed in position, so low in activity as to make a

*School of Nuclear Engineering and Health Physics, Georgia Institute of Technology.




1-2 Radiological Assessment

negligible contribution under any accident situation envisioned, or so short-
lived that they are unlikely to survive any anticipated migration path before
reaching the target population.

The environmental impact of nuclear power plants and fuel cycle facilities -
has been investigated in great detail, and the results indicate that average
population exposures to medical and industrial radionuclide applications are
substantially greater than average population exposures to nuclear power plant
emissions. Again, we eliminate from consideration direct radiation exposure for
diagnostic and therapeutic purposes and occupational exposures to industrial
sources, such as in radiography or borehole logging. Only those radionuclides
that move through the environment in unconfined form are of interest as
source terms in estimating environmental impact; a related area not considered
here is the impact of commercial transportation of packaged radioisotopes or
nuclear materials.

For obvious reasons, predicting the pathways and mode of behavior of gase-
ous components, especially noble gases and very volatile materials, poses the
greatest problem. Gaseous components are also often more difficult to quan-
tify in their chemical form; for instance, it makes a substantial difference
whether radioiodine is.produced or released in inorganic or organic form, both
for purposes of controlling its escape from the facility and for predicting its
subsequent pathway through -the environment (Eichholz 1977). For this
reason, all likely forms and internal pathways, and all processes that may
. modify the physical or chemical forms of the radionuclide must be included in

" any reformulation of the source term, leading to a “rélease source term,” which
may be substantially different from the “initial source term,” especially for
nuclear power plants.

1.2 PROPERTIES OF RADIONUCLIDES

As far as the mechanism of movement through plant process equipment
and the natural environment is concerned, the activity level of the radionu-
clides is irrelevant, except in a few cases where recoil processes contribute to
release mechanisms. Since radioisotopes have chemical properties identical to
those of their stable homologs, their movement will faithfully follow that of the
stable element. From the point of view of release and mobility, therefore, the
important parameters are the physical state (whether liquid, solid, or gaseous),
the type of aggregation if any (e.g., microparticulate, colloidal), the chemical
form, solubility in air and water, oxidation states, sorption properties, and vola-
txhty For purposes of radiation protection and the calculation of population
dose, one must know the total activity, the specific activity, and the half-lives
of all radionuclides comprising the source term.

In industrial and medical applications, typically. only a single radionuclide is
involved, thus simplifying identification of leakage pathways from encapsula-
tion, from radiotracer tests, and for disposal purposes. However, even there one
may encounter more than one radionuclide in a source material because
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1. the production process may give rise to more than one reaction, with
varying cross sections [e.g., (n.,p), (n,d), (n,2n) reactions may give rise to
nuclides of comparable half-life that are chemically different];

2. production involves bombardment of target material with more than one
activable isotope [e.g., production of '2*Sb by the '23Sb(n,v)'?*Sb reaction will
be accompanied by 2Sb from '2!Sb(n,y)'2Sb];

3. the nuclide of interest is the daughter of a longer-lived parent, and both
may be found in various conditions of equilibrium (examples "are the
PMo-"Tc, %Sr-°Y, and “9Ba-'“*La parent-daughter pairs); and

4. a short-lived nuclide of interest may decay or be accompanied by a
long-lived daughter or isotope (examples are the 'PTe-'PI, !34Cs-137Cs,
93Y-93Zr pairs and the 2!%Pb daughter of radon decay).

Neutron activation, usually involving the (n,y) thermal neutron capture
process, is a particularly convenient method of radioisotope production. Since
the product nuclide, in. general, will be an isotope of the target element,
specific activity will depend on available neutron- flux, and product and target
isotopes are not readily separable. Among the more important radionuclides in
medicine and industry produced by this method are. %Co[**Co(n,¥)5°Co],
1921 (91 r(n,v)"??Ir], and 2*Na [#*Na(n,y)**Na]. If the product nuclide itself
is unstable, one may permit it to beta-decay to another daughter, which will
then be associated with another element and be chemically separable. This can
result irr a product of high specific activity, limited only by. the need to employ
a carrier for more efficient separation. Examples of this method of preparation
are 1, produced by '3°}'e(n,‘y) 3lTe — 11 (8 d), or 2!%Po, produced by
2Bi(n,y) 2°Bi (5 d) = %Po. In some cases, the intermediate parent .
activity decays slowly enough to permit shipment to the user in that form. If
the parent is adsorbed on an ion-exchange medium, the system can serve as an
isotope “cow” by pouring an eluting solution through the column; thus, the
short-lived daughter can be removed selectively for immediate use. Such a sys-
tem is usable until the parent activity decays to a level below the minimum
practical amount. '

Some radionuclides that are not neutron-abundant or for which no suit-
able target nuclei exist for neutron activation must be produced by charged-
particle reactions in an accelerator. The total activities attainable by this
method tend to be lower than those for reactor-produced nuclides, and the cost
per curiec (or megabecquerel) may be higher. Gallium-67, from the
%8Zn(p,2n)5’Ga reaction, is an example of this type. For some production pro-
cedures, the SLi(n,a)’H reaction may be useful as a source of reactor-induced
tritons or o particles to initiate (¢,p), (a,n), or similar reactions. For exam-
ple, '8F can be produced by neutron irradiation of lithium carbonate through
the two-stage reaction ®Li(n,a)T and '%0(z,n)'®F.

One of the major reactions for the production of radionuclides is, of course,
the fission process, involving predominantly the 25U(n,f) reaction. For 2*U,
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this results in the production of neutron-abundant fission products; Fig. 1.1
shows the-well-known double-humped fission yield curve. Note that the yield
(i.e., number of atoms of given mass number produced per fission) applies to
the production of nuclides of a certain mass, so decay along an isobaric chain,
changing neutrons into protons by beta emission, does not affect that propor-
tion. This is illustrated in Fig. 1.2, where one can see the progression from ini-
tial, neutron-abundant, very short-hved fission products by succesive beta
decay to the final stable isobar of that mass (e.g., from 0.2-s %Kr to stable
94Zr) via steadily longer-lived intermediates. Some of the intermediate isobars
may be sufficiently long-lived to move freely through the environment before
decaying; for instance, in the mass-88 chain, 28-h *®Kr may diffuse through
the atmosphere, but it is its *®Rb daughter that may be taken up in plants in
water-soluble form. Maximum fission yields are of the order of 6-7% for
atomic masses 92-100 and 133-143, falling off rather rapidly on either side
_ of the peaks. Because of the vastly different chemical properties even among
isobars of the same decay chain, each fission product must be evaluated
separately in terms of its contribution to the source term m a reactor and its
subsequent history in any environmental migration.

" Finally, it is important to consider the large number of labeled radioiso-
topes. that are widely used in medical, biological, and agricultural research.
Those in greatest demand are !'4C- and tritium-labeled organic compounds,
which are used in research quantities, micro- to millicuries at a time. They are
produced by organic synthesis and may be supplied with the labeling atom at.a
specified structural position at éxtra cost. Since both 14C and tritium emit only

very low-energy beta particles, their handling is considered relatively safe. -

However, they are encountered widely because of the large number of indivi-
dual, discrete users of varying quantities of these radioisotopes and other tracer
radionuclides, and safe disposal of such materials may present a problem. For
instance, many of these isotopes end up in liquid scintillation solutions. This is
usually considered a separate problem from the more elaborate scenarios
embodied in environmental computer models. Figure 1.3 illustrates an arbi-
trary selection from a commercial catalog of the type and variety of such
labeled compounds that may be encountered. In some cases, the same com-
pound may be obtained either *H- or '*C-labeled, depending on the subsequent
processes to be studied.

1.3 INDUSTRIAL USES OF RADIONUCLIDES

Radioisotopes are much more widely used in industry than is generally
recognized and represent a significant ccmponent in the man-made radiation
environment. The principal applications include industrial radiography,
borehole logging, radiation gauging, smoke detectors, and self-luminous materi-
als. Because most of these applications entail the utilization of encapsulated
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Figure 1.1. Fission yield curve for neutron bombardment of B3y,
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. MOLECULAR  STANDARD
g COMPOUND WEIGHT PACKAGE
CHOLIC ACID [ CARBOXYL.'4C]- 50 uCi
SEE STRUCTURAL FORMULA SECTION — STEROIDS 250 uCi
40-60 mCi/mmol 408.6
ETHANOL
CHOLIC ACID, (2,4-3H]- 250 uCi
SEE STRUCTURAL FORMULA SECTION — STEROIDS 1 mCi
10—25 Ci/mmoi 408.6 5 mCi
ETHANOL ,
CHOLINE CHLORIDE, {1, 2-'4¢]- - 50 uCi
HOCH, CH,N(CH )3 +CI 250 uCi
. 2-10 mCi/mmol 139.6
: ETHANOL
CHOLINE CHLORIDE, [METHYL.'%C]- 100 uGi
HOCH,CH,N(CH,) 4 - CI 500 uCi
40-60 mCi/mmol '139.6 1 mCi
ETHANOL .
CHOLINE CHLORIDE, (METHYL-3H]- . 250 uCi
HOCH, CH,N(CH,) 5+ CI 1 mGCi
60-90 Ci/mmol . . 139.6 5 mCi
ETHANOL
CITRIC ACID, [1,5-'4C)- _ - 50 uCi
HOOCCH , C(OH}COOH)CH,COOH : ’ 250 uCi
50-100 mCi/mmol ST . 192.1 500 uCi
WATER:ETHANOL, 9:1 .
CITRIC ACID, (6-'%C]- : 50 uCi
HOOCCH, C(OHI(COOHICH,COOH : 250 uCi
1—-5 mCi/mmol 192.1 -
CRYSTALLINE SOLID IN SCREW-CAP BOTTLE )
CITRULLINE, L-{UREIDO-'4C]- 50 uCi
H,NCONH{CH,);CH(NH,)COOH : - 250 uCi
40-60 mCi/mmol ) 175.2 1 mCi
0.01 N HCI . ’
COCAINE, LEVO-|BENZOYL-3,4-3H(N)] - © 100 uCi
SEE STRUCTURAL FORMULA SECTION — MISCELLANEOUS _ 250 uCi
25-50 Ci/mmo} - 303.4
ETHANOL
COENZYME A, [3H(G)]" - 50 uCi
SEE STRUCTURAL FORMULA SECTION — MISCELLANEOUS 250 uCi
0.5-1.5 Ci/mmol 767.6

AQUEOQUS SOLUTION CONTAINING 5§ mmol OF
DITHIOTHREITOL PER milliliter SHIPPED IN DRY ICE

COENZYME A, [ACETYL-1-'4Cl- ACETYL - 10 uGCi
SEE STRUCTURAL FORMULA SECTION — MISCELLANEOUS 50 uCi
40-60 mCi/mmol 809.6

AQUEOUS SOLUTION (pH ~ 5} SHIPPED IN DRY ICE.

Figure 1.3. Examples of commercial labeled radioactive compounds. Source:
Adapted from New England Nuclear Corporation 1980. Labeled Compounds,
_ Boston,*Mass. Printed with permission.
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sources, radiation exposures would be expected to occur mainly externally dur-
ing shipment, transfer, maintenance, and disposal. In the past decade, radiation
exposures in research and industrial applications were roughly half those due

- . to medical occupational exposure; hence, their contribution to the direct popu- -

lation dose is substantial. Although reported exposure levels are probably signi-

ficantly underestimated, the average dose contribution to the U.S. population
was only of the order of 0.2 mrem/y (2 uSv/y). Table 1.1 lists the principal

radionuclides involved and typical applications, and Fig. 1.4 shows the source
strengths typically encountered.

Table 1.1. Typical uses of radionuclides in industry

Application

Radionuclides Typical source strengths

Industrial radiography

Borehole logging

Radiation gauges,
automatic weighing .
equipment

Smoke detectors
Luminous signs

Massbauer analysis

Hydrological traécrs

Reservoir engineering

Encapsulated sources

192y, 137¢g, 10—100 Ci (0.4—4 TBq)
1701m, $0co
137¢s, 0co 10 mCi—2 Ci (~0.4—70 GBq)
Pu-Be, Am-Be 50 mCi—20 Ci (~1.9—700 GBq)
B2ce 100 uCi (~4 MBq)
9sr, 147pm, 144Ce  5—200 mCi (~0.2—7 GBq)
13 CS, 50Co )
4lam 5 uCi (~200 kBq)
3H 0.5 Ci (~20 GBq)
S7Fe, 37Co 2—50 uCi (~0.4 MBq)

Tracer applications
34 1—100 Ci (~4 TBq)
S2pr 10—100 mCi (~4 GBq)
8Kr 200 mCi (~7 GBq)

Source: Adapted from U.S. Environmental Protection Agency 1974,
Environmental Radiation Dose Commitment: An Application to the Nuclear
Power Industry, EPA-520/4-73-002, Washington, D.C.

In terms of subsequent movement through the environment, such encapsu-

lated sources obviously do not represent a significant source term. They contri-

bute to specific assessment areas, such as transport and waste disposal, and
occasionally cause alarm when one is lost or misdirected or even placed in a
municipal garbage dump by mistake.
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Sealed sources for industrial use typically are shipped and installed in the
form of doubly encapsulated disks or cylinders. In most cases, the capsule
material is stainless steel, ring-welded, and required to be leak-tested at regular
intervals. Shipment of radiographic sources and other, less active sources must
be done in accordance with the regulations in Title 10, Code of Federal Regu-
lations, Parts 20 and 71, and Title 49, Code of Federal Regulations, Parts 172
to 177.

Disposal of industrial sources may pose a problem. There is a certain .
second-hand value associated with cobalt therapy sources and some longér-
lived radiography sources. Shorter-lived sources may be stored and allowed to
decay, but even then they must be properly accounted for, and the residual
active material must be disposed of at a licensed facility. Stronger sources
similarly must be shipped to a licensed facility for disposal; finding such a
facility is becoming more and more difficult under present conditions.

Increasing attention is being paid to the safe decommissioning and decon-
tamination of industrial sites where radioactive materials have been handled in
the past. Most are plants built for processing nuclear materials in the early
days, but increasingly other industries have become involved, such as plants
making self-luminous tritium-containing signs. ’ '

A special problem may exist for long-lived low-level sources that are widely
distributed, such as 2*!Am alpha sources used in smoke detectors. Individually
they pose no hazard, and it would require a rather artificial scenario for them
to be reconsolidated at a future time in sufficient amounts to pose a problem.
Moghissi et al. (1978) have reviewed the impact of radioactive materials in
consumer products and the resultant public and occupational exposures.

‘1.4 MEDICAL USES OF RADIONUCLIDES

The use of radioisotopes in medicine is widespread and may potentially
have significant radiological impact. These applications can be classified as (1)
diagnostic uses, (2) therapy, (3) analytical procedures, and (4) pacemakers and
similar portable sources.

Both sealed sources and a wide variety of radioactive tracers are used in
diagnostic applications; medical institutions usually distinguish carefully
between these two applications as Radiology and Nuclear Medicine, respec-
tively. X-ray fluoroscopy is a well-known diagnostic radiographic procedure,
typically employing an X-ray tube as a source; however, there is a variety of
isotopic source applications for medical radiography, employing gamma
sources, beta sources, bremsstrahlung sources and, experimentally, neutron
sources for image formation under conditions where X-ray units would be
inconvenient, inappropriate, or might cause operational hazards. Environmen-
tally, radiographic sources are negligible as source terms as long as they
remain accountable and are disposed of properly. In that respect, the history of
radium sources, radon needles, and radium-containing luminescent compounds
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has not been encouraging. Occupational exposures from work on radium-
containing watch dials and tritiated luminous signs have been substantial
(Moghissi and Carter 1975; USEPA 1977), and radium-contaminated rooms
and buildings, many of them dating to the early decades of this century, are
being found from time to time all over the world. In the United States, this
situation was accentuated by the fact that radium uses were specifically
exempted from the control and licensing provisions of the Atomic Energy Con-
trol Act.

The emergence of 2°2Cf as a portable neutron source has made neutron
radiography more widely available, although generally the method is still
heavily dependent on nuclear reactors as sources. There are also a number of
routine applications for *Sr- or '“’Pm-based bremsstrahlung sources (Cameron
‘and Clayton 1971).

The major potential environmental impact arises from the use of radioac-
tive tracers in nuclear medicine, a field that has grown enormously in. recent
years. Figure 1.5 illustrates this growth. Nuclear medicine exposures can be
classified as (1) exposure of the patient, (2) exposure of hospital personnel, (3)
exposure during transport of radiopharmaceuticals, (4) exposure during
manufacture, and (5) exposure from radioactive waste.

Patient exposure varies with the type of examination and the procedure.
Administered doses of *™Tc, for instance, may range from 600 to 15,000 nCi
per examination for brain scans (UNSCEAR 1977). The range of exposures
for the most common examinations may be substantial, with thyroid doses
from '3'I scans up to 100 to 200 rad per examination. Developments in recent
years have tended to reduce patient exposure- through the introduction of
short-lived isotopes of higher specific activity and the use of more highly local-
ized preparations. The shorter half-life also simplifies the impact of radioactive
waste, since most of the longer-lived activity is usually eliminated through the
kidneys into the sanitary waste system. The environmental impact of the
release of radiopharmaceuticals has been analyzed by Leventhal et al. (1980).
Figure 1.6 shows the flow of radioisotopes in a nuclear medicine department of
a hospital. Presumably, the environmental impact, via the sewers, of any
excreted material is the same for in-patients or out-patients. Although most of
the excreted radioactivity is likely to be short-lived, the aggregate environmen-
tal impact from this source probably greatly exceeds that of all nuclear power
plants from routine effluents. This can be seen in Table 1.2, which gives the
quantities produced at just one hospital (Leventhal et al. 1980). As a rough
assumption, 50% of the administered dose of soluble iodine will be eliminated
through the kidney during the first 48 h; colloidal gold and technetium will
mostly decay in situ in the organ of interest and not be eliminated rapidly.

Leventhal et al. (1980) have reported on tests to trace the excreted activi-
ties. Table 1.3 illustrates the data obtained for a flush release of a sample con-
taining active pertechnetate. Concern about such radioactive releases has
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Figure 1.5. Number of scanners and v cameras installed in the United Kingdom
1963-1973, and total number of static scans and dynamic studies carried out,
1971-1973.

directed attention to methods of sewage treatment at the hospital prior to dilu-
tion in municipal wastes. Analysis at these tracer levels is difficult. Table 1.4,
from Krieger et al. (1980), lists some of the procedures required; most of these
procedures were found to be capable of detecting the elements listed at the
1-pCi/L or 1-pCi/g (0.04-Bq/L or 0.04-Bq/g) level at the 2¢ confidence level.
The report of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR 1977) refers to the curie-level discharge of
activities, mainly of '*'I and 3?P, administered for therapeutic uses. Population
dose figures quoted there relate only to the patient dose, though some German
work by Stieve and Kaul has attempted to estimate effluent doses. Since




Source Terms 1-13

ORNL OWG 8216786

RAD!OISOTOPE
SHIPMENT

HOSPITAL 1
COMPLEX ]

ON-SITE
PRODUCTION

—.{ . STORAGE 4"—
] 1 {

‘ NUCLEAR MEDICINE HOSPITAL LABORATORY RESEARCH
4IN VIVO TESTS IN VITRO TESTS LABORATORY
. y
| I
r TREATMENT f = -
o e .
Y )
QuT- “ IN-
?AT'ENT PATIENT
] )
RELEASED PATIENT
PATIENT EXCRETION
HOLD FOR DECAY
v . y
sSOLID LiQui0
WASTE WASTE
L — _J
| J
PATIENT
EXCRETION
Y ¥ 1 Y ¥
SEWER FROM SEWER FROM RADIOACTIVE CONVENTIONAL
HOME HOSPITAL WASTE DISPOSAL WASTE DISPOSAL
| ENVIRONMENT ]
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Table 1.2. Cumulative procedures by compound for Hospital 9

Total number of procedures

1972 studies

Type of procedure Total Average dose
. 1969 1970 1971  Isotope Form procedures  per procedure

Angiogram ¥mTc  Pertechnetate
Bone marrow scan 9mTe Sulfur colloid
Bone scan . PmTc Polyphosphate 68 10 mCi
Brain scan or cerebral blood 335 493 444 PmTe Pertechnetate 410 10 mCi

flow or both ‘ '
Heart scan or flow or both ¥mTc  Pertechnetate
Liver scan or spleen scan 181 335 343 PmTc Sulfur colloid 330 2 mCi

or both )
Lung scan 235 204  ¥mTc MAA 216 2 mGi
Lung ventilation/perfusion scan ®¥mTe  MAA :
Parotid gland scan ¥mTc  Pertechnetate
Pericardial scan 4 S  ®m"Tc  Pertechnetate 6 5 mCi
Placental localization 10 10 ¥™Tc _ Pertechnetate 13 800 uCi
Renal scan or renal blood 25 28 .¥mTc DTPA 36 2 mCi

flow or both .
Thyroid scan mTc  Pertechnetate
Blood volume 25 28 20 Ry RISA 5 uCi
Cisternogram 5 5 B RISA H 2 100 uCi
Liver scan 10 B | Rose Bengal 500 uCi
Placental localization 5 34 RISA 5 mCi
Renal scan 15 WYg Chlormerodrin 100 uCi
Renogram 10 - 15 15 M Hippuran 20 100 xCi
Thyroid uptake 300 250 260 By Sodium iodide 244 10 kCi
Thyroid scan 199 249 240 R | Sodium iodide 191 .25—50 uCi
Thyroid cancer 131y Sodium iodide 20'mCi
Thyroid therapy 10 15 12 By Sodium iodide 15 5—10 mCi
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Table 1.2 (continued)

S 1972 studies
Total number of procedures
Type of procedure . Total Average dose
1969 1970 1971 Isotope Form procedures  per procedure
Blood volume ) 1254 RISA
Blood volume 5 3Cr Sodium chromate 28 25 uCi
Gastrointestinal protein loss SNCr Sodium chromate
Red blood cell survival or 1 1 1 " MCr Sodium chromate 1 75 uCi
sequestration or both - :
Cardiac scan ABmpg
Bone scan 38 BF . Sodium fluoride 32 2—3 mCi
Bone metastases 8 6 5 Sodium phosphate 2 2mCi X 3
Effusions 2 1 1 i2p Colloid chromic 2 10 mCi
Cisternogram g DTPA
Iron kinetic study 1 i | PFe Citrate 1 15 xCi
Pancreas scan 1 1 1 5Se Methionine i 150 uCi
Effusions . %Au Colloid
Schilling test 50 50 50 S1Co Cyanocobaltamine 53 0.5 uCi
Lung perfusion and inhalation mpn '
Thyroid perchlorate el | lodide
Liver-lung scan . ¥mTc  Sulfur colloid and MAA
Bone scan 25 39 6 ¥sr Nitrate 100 uCi
Lung scan 118 By MAA 200 uCi

Source: Leventhal, L. et al. 1980. "Assessment of Radiopharmaceutical Usage Release Practices by Eleven Western Hospi-
tals,” in Effluent and Environmental Radiation Surveillance, ed. J. 1. Kelly, STP 698, American Society for Testing and Materi-
als, Philadelphia. Reprinted with permission.
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Table 1.3. Hospital effluent bolus tests, Run 2

Nuclear medicine procedure:  Brain scan, ®™Tc, pertechnetate

Dose administered: 10 mCi
Time of dose administration:  12:45
Time of excretion: 13:45
Predicted excretion activity:  0.33 mCi
Actual excretion activity: 0.37 mCi

Volume Concentration Activity Flow rate Time

(L) (dpm/L) (dpm) (L/min) (min)

Urine 0.180 4.38 X 10° -~ 7.88 X 10®
Toilet bowl 2.0 3.94 X 10 7.88 X 10° :
Flush .50 1.58 X 108 7.88 X 10° 60.0 0.33
Effluent 1161. 4.62 X 10° 536 X 108~ 378.5 3.067
Sample 2.74 4.62 X 10° 1.27 X 108 0.89 3.067

Loss factor= 0.68, percent loss = 32%
Dilution factor (avg) = 0.00172
Inverse dilution factor = 580.0
Peak/average = 2.36

Total peak duration = 3.6 min
Volume dilution = 6.3

Turbulence dilution = 92.0

Source: Leventhal, L. et al. 1980. “Assessment of Radiopharmaceutical Usage Release Practices by Eleven Western Hospitals,"
in Effluent and Environmental Radiation Surveillance, ed. J. J. Kelly, STP 698, American Society for Testing and Materials, Phi-

ladelphia. Reprinted with permission.
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Table 1.4. Summary of procedures evaluated for analysis
of radiopharmaceuticals in sewage

Method principle

Treated sewage

Dried sewage sludge

Iodine

Scavenge interferences, reduce to Caustic fusion, dissolve, extract into
iodide state, precipitate Agl, CCly, purify.as Pdl,
purify as Pdl, :

Cobalt Concentrate as hydrous oxide, Digest and leach with acid, scavenge
scavenge acid residue, precipitate acid residue, precipitate basic sul-
basic suifide, purify as potassium fide, purify as potassium cobaltini-
cobaltinitrite ' trite

Chromium  Concentrate as hydroxide, extract Caustic fusion, water leach, hydrox-
reduced chromium into ether, ide precipitation, cation exchange
back extract into NH4OH, purify concentration, purify as BaCrQO,
as BaCrQq ]

Strontium  Concentrate as carbonate, precipitate -Caustic fusion, water leach, car-
as nitrate, scavenge interferences, ' bonate precipitation, concentrate
purify as SrCO, as nitrate, scavenge interferences,

purify as SrCO3

"Selenium Concentrate by evaporation, Digest and leach with acid, reduce to

. - scavenge impurities, reduce with ) +4 state, collect as metal, dis-
SO, to metal, dissolve, purify by solve, purify by reducing to
reduction to selenium’ metal selenjum metal with SO,

. Source: Krieger, H. et al. 1980. “Evaluation of Methodoloy for Quantifying
Radiopharmaceuticals in Tertiary-Treated Sewage,” in Effluent and Environmental
Radiation Surveillance, ed. 1. J. Kelly, STP 698, American Society for Testing and Materi-
als, Philadelphia. Reprinted with permission.

treated sewage is not normally ingested directly, its use for irrigation purposes
may have to be considered; however, most nuclear medicine departments are
located in large cities where use of wastewater for irrigation is fairly improb-

able. The U.S. Environmental Protection Agency report quoted earlier

(USEPA 1977) points out that in the United States there has been an average
increase in nuclear medicine procedures in excess of 17% per year, and a high
proportion (21%) of such procedures are performed on patients under the age
of 30. This increase undoubtedly also affects both the occupational exposure
and the production of wastes during the manufacture of radiopharmaceuticals
(Keyes et al. 1976).

The widespread use of radioimmunoassay procedures, radioactive urine
analyses, and other research methods employing labeled organic compounds
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has greatly increased the use of liquid scintillation detection units. The organic
phosphor solutions, usually based on toluene or xylene, constitute a rather
large volume of liquid organic contaminated waste that must be disposed of.
Disposal in liquid form is potentially hazardous and environmentally no longer
acceptable. For that reason, incineration is preferred, but there are still a
number of technical problems to be solved before incineration can be’ con-
sidered an acceptable alternative to present methods of disposal. Since most of
the activity involved is long-lived *H or '#C, both readily diluted in the
environment, the impact is ethical and regulatory in nature rather than a
major localized source of contamination. However, again, the cumulative
activities involved may be substantial. 4

The final medical use of radionuclides to be covered here concerns the use
of plutonium batteries to power cardiac pacemakers. Thousands of people are
alive today because pacemakers help their hearts to function. Sealed sources of
238py, typically 4 Ci (~150 GBq) in activity, are surgically implanted in the
patients. Table 1.5 lists the radiation doses to critical groups associated with
such patients (USEPA 1977). (The general population dose value to the U.S.
population is probably an invalid extrapolation.) As an environmental source '
-term, concern has been expressed. about removal of sources by embalmers,
accidental removal, and similar contingencies, but none of these scenarios have
much credibility as significant source terms. The encapsulation itself will with-
stand considerable abuse, even stomach acids. (Rundo et al. 1977) so that
remoblhzatlon into groundwater is hlghly unprobable :

1.5. THE NUCLEAR FUEL CYCLE:

One of the primary areas of interest is the environmental impact of nuclear
power generation. As public concern and adversary action have spread, the
nuclear industry has had to account for the impact not only from power gen-
eration itself, but also from all other associated operations. A flowchart for
these operations, presented in Fig. 1.7, shows the principal material flow for
the nuclear fuel cycle. Because resource conservation and economic considera-
tions have, by and large, favored the recycling of unused uranium fuel and of
any plutonium produced, the-overall operation listed is usually referred to as
the nuclear fuel cycle. Those steps preceding power generation coristitute the
“front end™ and those following it, the “back end” of the fuel cycle. Political
considerations, concerned with weapons proliferation and potential diversion of
plutonium, have discouraged a closed cycle (i.e., the recycling of uranium and
plutonium) in the United States, resulting in an open-ended fuel cycle for com-
mercial power plants, but not for military activities. Other countries, which are
poorer in natural resources and therefore unwilling to waste a valuable energy
resource, are proceeding with closed-cycle operations. In addition to material
flow, energy balance (i.e., fuel cycle total energy input compared to useful
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Table 1.5. Radiation doses to critical groups from cardiac pacemakers
(assuming 10,000 implanted cardiac pacemakers with plutonium batteries)

Individual dose
[mrem/(person-year)) .
Total dose to group

Average dose [(person-rem)/year]
Relationship to Group Dose from
pacemaker patients population  pacemaker? Natural Natural
Medical background  Dose from  background
X rays radiation pacemaker? radiation
Spouses 6430 5—1.5 73 102 ) 646
Household members 8,950 1—I1.5 73 102 12 912
Work associates® 72,000 0.1—0.2 73 - 102 10.5 7,344
Nonwork associates® 218,000 0.05—0.1 . 73 102 14.5 22,378
Total in U.S. populace : << 0.0I 73 102 49 21,400,000
not included above . '
Total dose to U.S. population : 128

excluding dose to patients

9Dose will vary depending upon the plutonium content, fuel characteristics, and shiclding effects of a particular
pacemaker model. . ‘

"lnlegratcd dose using 4 Ci of plutonium, which is the average amount of plutonium used in any battery.
€A patient is predicted to associate with about 30 persons during his daily activities.
9U.S. population of 210,000,000.

Source: U.S. Environmental Protection Agency 1977. Radiological Quality of the Environment in the United States,

EPA 520/1-77-009, Washington, D.C.
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Figure 1.7. The light-water-reactor fuel cycle.

energy output) is an important criterion for power generation flow sheets for
light-water reactors, that energy balance looks very favorable.

Among the various stages of the nuclear fuel cycle, the following have a
major potential for injecting radioactive materials into the environment, that is,
generating radioactive source terms: (1) mining and milling of uranium ores,
leading to liberation of radon and radon daughters, (2) nuclear reactor opera-
tions, both from routine effluents and from effluents released following -an
accident, (3) transportation of spent fuel and high-level wastes, (4) reprocess-
ing of spent fuel and waste treatment, and (5) radioactive waste disposal.

Other stages of the fuel cycle may result in other types-of environmental
impact, for example, stages involving the consumption of substantial amounts
of power (such as fuel enrichment), but these will not be considered here. The
operation of central interest is, of course, the generation of power, and this will
be considered first.

1.5.1 Nuclear Power Plants

A nuclear power plant generates electricity by converting the energy pro-
duced by atomic fission of 233U into high-pressure steam, which in turn
drives a turbine generator. Several different types of plants have been devised
for this purpose; among them are the gas-cooled reactors [advanced gas-cooled
reactor (AGR) and-high-temperature gas-cooled reactor (HTGR)], the light-
water-cooled reactors [boiling-water reactor (BWR) and pressurized-water
reactor (PWR)], and the heavy-water-moderated reactors [heavy-water reactor
(HWR) and Canadian deuterium-uranium (CANDU) reactor]. Figure 1.8
illustrates schematically some of these types of steam-generating plants. They
differ mainly in the method of steam generation, the neutron moderator, and
the 235U content of the fuel (natural or enriched).
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Figure 1.8. Schematic diagrams of the principal types of steam-generating
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In assessing the environmental impact of a nuclear- power plant, one is
mainly concerned with the heat rejected (typically about 66% of the energy
produced initially), the protection of plant personnel against radiation, any
radioactive waste and spent fuel shipped from the plant, and any radioactive
materials released to the environment in the airborne and liquid effluent
streams. It is mainly the last of these that is of interest here. Because most of
the operating reactors in the United States are light-water reactors of the
boiling-water or pressurized-water types, attention is focused on these two
types.

By reference to Fig. 1.8(d), it is seen that PWRs operate with two coolant
loops, the primary one filled with water at pressure, though below the critical
point, which circulates through the hot reactor core, cooling it and conducting
the heat away, and the secondary one, in which steam is generated in the
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steam generator, passed to the turbine, and condensed back to water in the
externally cooled condenser. In the BWR [Fig. 1.8(c)], steam is produced
inside the reactor vessel, passed directly to the turbine, and then condensed to
water, all in a single loop. This difference has the consequence that any active
contaminants in the core coolant remain cenfined to the reactor building in the.
PWR, whereas they travel through the turbine in the BWR and may be
present in any steam release. On the other hand, in the PWR some efficiency
may -be lost in the heat exchanger, and metallurgical difficulties have arisen
with some steam generator designs. Careful control must be kept on coolant
water chemistry, pH, trace impurities, corrosion products, and chemical pro-
" ducts of the radiolytic decomposition of the water. The hot analytical samples
withdrawn from the primary coolant at intervals constitute one component of
contaminated liquid that must be treated as radioactive waste. Table 1.6 lists
some representative operating parameters and conditions used in calculating
releases of radioactive material in liquid and gaseous effluents from a PWR
(USNRC 1978). :

As the 25U in the fuel undergoes fission, two new atoms (or fission pro-
ducts) appear in the fuel for each uranium atom destroyed. Since the fuel ele-
ments are encased in Zircaloy cladding, these fission products normally have
no option but to stay in the fuel, although they may diffuse through the fuel to
the fuel-cladding interface or may coalesce to form gas bubbles, both of which
may cause swelling or distortion of the fuel. The fission-product inventory in
the fuel will build up as fuel burnup proceeds; the shorter-lived fission products
will reach equilibrium concentrations between production rate by fission and
decay rate, while the longer-lived ones will keep increasing their concentration.
This fission-product inventory is Source Term I for any migration model (see
Fig. 1.9).

The precise distribution and mobility of the various fission products within
the fuel pellets depends on the operational history, the temperature distribution
within the fuel, and the chemical state of each fission product within the UO,
environment. As burnup proceeds, the UO, pellet degrades mechanically due to
swelling, which accompanies the appearance of the fission products as intersti-
tial impurities, fast-neutron-induced radiation damage, hydrogen and helium
embrittlement, variations in the radial temperature gradient as the conductivity
is affected by structural changes and impurity buildup, and lattice changes
resulting from stoichiometry changes due to a changing U/O ratio in the fuel
matrix. Some elements, such as the noble gases, hydrogen (both 'H and ’H),
and the more volatile elements, may migrate by diffusion, recoil effects, or
along fracture cracks to the pellet-cladding interface. Other elements remain
chemically bound in the UO, or are less mobile under prevailing temperatures.
Some of them may, in fact, migrate toward the hotter region at the pellet
center. It is the mobile nuclides at the fuel-pellet interface that are of prime
interest, since they are the ones most likely to escape from the fuel elements.
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Table 1.6. Principal parameters and conditions used in calculating
releases of radioactive material in liquid and gaseous effluents
from San Onofre Nuclear Generating Station, Units 2 and 3

Reactor power level [MW(t)]
- Plant capacity factor
R ' Failed fuet (%)
- Primary system:
Mass of coolant (Ib)
Letdown rate (gal/min)
Shim bleed rate (gal/d)
Leakage to secondary system (Ib/d)
Leakage to containment building
Leakage to auxiliary building (Ib/d)
Frequency of degassing for coid
shutdowns (per year)
Secondary system:
Steam flow rate (Ib/h)
"Mass of liquid in steam generator (1b)
Mass of steam in steam generator (Ib)
Secondary coolant mass (Ib)
Rate of steam leakage to turbine
building (1b/h)
Containment building volume (ft%)
Annual frequency of containment purges,
during shutdown - ' _—
Annual frequency of containment purges,
at power
Iodine partition- factors, gas/liquid:
Leakage to auxiliary building
Leakage to turbine building
Main condenser/air ¢jector, volatile species

" 40

3600
0.80
0.12¢

5.6 X 10°
1X 10°
100

b

160

2

1.5 X 107
1.7 X 10°
1.2 X 10*
2.2 X 106
1.7 X 10°
2 X 108
4

20
0.0075
1.0

0.15

Liquid radwaste system decontamination factors

Cs, Rb
Others

LYl

Coolant Miscellaneous  Chemical-
radwaste liquid-waste waste
system system system
1 X 10° 1 X 103 1 X 10
2% 10° 2 X 10! 1 X 10°
1 X 108 1 X 10° 1 X 10°
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Table 1.6 (continued)

Liquid radwaste system decontamination factors

All nuclides
except Iodine
iodine
Radwaste evaporator DF 104 - 10°
Coolant radwaste system 10° 10
evaporator DF ’
Anions Cs, Rb Otkfer
nuclides
Boron recycle feed demineralizer 10 2 10
DF, H3BO;
Primary coolant letdown demineralizer 10 2 10
DF, ngBOg
Evaporator condensate pohshmg 10 10 10
demineralizer, HYOH™ ’
Mixed-bed radwaste demineralizer 10 2 . 10?
Steam generator blowdown demineralizer 102 10 " 102
Containment building internal . 10

- recirculation system charcoal
filter DF, iodine removal” . . .
Main condenser air-removal system - B 10
charcoal bed DF, iodine removal

%This value is constant and corresponds to 0.12% of the operating power fission pro-
duct source term, as given in NUREG-0017 (April 1976).
bOne percent per day of the primary coolant noble gas inventory and 0.001% per day
of the primary coolant iodine inventory.
Source: U.S. Nuclear Regulatory Commission 1978. Draft Environmental Statement
Relating to Operation of San Onofre Nuclear Generating Stations, Units 2 and 3,
NUREG-0490, Washmgton D.C.

Various computer codes, such as CINDER, ORIGN, RIBD and others, have
been developed to predict the escape probability from the fuel to the gap below
the cladding as a function of fuel history, thermal cycling, and operating condi-
tions. Similarly, attempts have been made, with varying success, to predict
burnup damage to fuel materials.

The integrity of the Zircaloy cladding presents the major barrier in con-
taining the fission products within the fuel elements. The cladding thickness .
typically is only of the order of 0.024-0.034 in. (0.61-0.86 mm), so it is sub-
ject to appreciable stress as the fuel swells and fission gas builds up beneath it.

[l
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Figure 1.9. Source generation sequence.

As burnup proceeds, or because of some minor flaws in manufacture, small
cracks may develop in the cladding, permitting some of the gaseous fission pro-
ducts and some of the less tightly bound nuclides that are “released” from the
fuel to leak into the primary coolant. This leak rate again depends on a variety
of factors: the operating temperature of the fuel, the extent of radiation dam-
age in the cladding, stress corrosion effects, fatigue-induced growth of micro-
cracks as the fuel undergoes thermal cycling, and gas embrittlement from
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hydrogen and helium diffusing into or through the cladding. Stainless steel is
more susceptible to hydrogen, and therefore tritium, diffusion than the Zir-
caloys, and this was one of the major factors favoring the choice of the latter
as cladding. materials in thermal-neutron reactors. Other conditions that may
lead to cladding failure result from uneven positioning of the fuel pellets, fuel
densification, nonuniform cooling effects around supporting grids, blister for-
mation, and creasing or grooving resulting from imperfections in rolling or
extrusion processes.

To some extent, such faults must be expected, even thh tight quality con-
trol during manufacture, and the release of a limited amount of fission pro-
ducts to the coolant has to be accepted. Depending on plant specifications, the
reactor may be operated with up to 0.25 to 1% of the fuel elements having
such minor cracks, as determined by monitoring the activity in the primary
coolant. For ‘purposes of estimating routine environmental impact, it is
assumed that all fuel elements will have such a failure rate. Similarly, one has
to expect finite but limited diffusion of tritium through the cladding.

In addition to radionuclides leaking into the coolant because of cladding
imperfections, there are a number of radionuclides that originate in the.coolant
itself. These represent three groups of impurities: (1) activated corrosion pro-
ducts, which are produced by the corrosive and erosive action of the circulating
coolant along the entire pipe run and activated during their passage through
the neutron flux in the core; (2) activated. impurities in the water itself due to
miscellaneous dilute impurities’ normally preserit in water, such as calcium,
magnesium, manganese, and iron; and (3) those arising from additives intro- -
duced for pH control and water quality control.

Activation products formed by.neutron activation of corrosion -products
from all of the loop materials involve mainly the **Fe(n,vy)’*Fe, **Cr(n,vy)'Cr,
58Ni(n,p)*®Co, Co(n,v)*Co, and **Fe(n,¢)**Mn reactions. The relative impor-
tance of the activation products depends, of course, on the composition of the
pipe materials employed. The buildup of leaked fission products and activita-
tion products is controlled by passing part of the coolant through a demineral-
izer bed, where soluble ions are removed by ion exchange. Noble gases are
obviously not ‘removed by ion exchange and tend to dominate the coolant
inventory (see Table 1.7). The data in Table 1.7 are estimated maximum con-
centration values for a “representative® PWR and are listed primarily as an
indication of the relative concentrations of some of the major radionuclides.
The detailed numbers would depend on the reactor design, its mode of opera- .
tion, capacity factor, flux conditions, and structural materials in the coolant
loop. For the case listed, a primary coolant mass of 5.6 X 10° Ib (2.54 X 10°
L) would represent a total inventory of roughly 200 X 2.534 X 10? = 50,800
Ci = 1.88 X 10" Bq. This quantity represents Source Term II in Fig. 1.9 and
is the usual departure point for many calculations. To some extent this term
can be reduced by a suitable choice of pipe materials and efficient demineral-
izer operation.
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- Table 1.7. Pre;iicted reactor coolant inventory

,/’,

of fission products and corrosion products
(1000-MW(e) PWR at 578°FF

Noble gas fission products

Fission products

Isotope uCi/mL Isotope uCi/mL
- -
8Kr 111 “Br 3.0 X 1072
k) €3 1.46 ®Rb 2.56 '
SKr 0.87 ¥Rb 6.7 X 1072
%Kr 2.58 “Sr 2.52 X 1073
133¥e 1.74 X 10? *Sr 4.42 X 107°
_ BmXe 1.97 9y 5.37 X 1073
135mye 0.14 oy 4.77 X 1074
138X e 0.36 2S¢ 5.63 X 1074
iy 5.54 X 1074
95 -4
Total noble 187.9 ,,f;b pogo }g_.
| gases PMo 2.11
) B 1.55
132
Corrosion Products 1 u'II'c (()) g
. 133 2.55
. Isotope. uCi/mL 134Te 2.2 X 107
. . .. lu
Mn . 42X 1070 ) 039
3Mp 22 X 1072+ ™ rox1o
8Co 8.1 X 1073 36 0.33
9Fe 1.8 X 1072 mcs 043
9Co 1.4 X 102 ‘”ci 0.48
) e 23X 1074
Total corrosion 3.7 X 1072 14py 23 X 107
products IO
Total fission  12.8°

products

*Contamination concentration corresponding to 1% failed

fuel near end of fuel life.

' 5187.3 uCi/mL = 69 GBq/L;

0.47 Bq/L.

128 xCi/mL =

Source: Eichholz, G. G. 1977. Environmental Aspects of
Nuclear Power, Ann Arbor Sciencg Publishers, Ann Arbor,

Mich. Reprinted with permission.
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Because gaseous elements can escape relatively more readily from the pri-
mary coolant in a BWR, the noble gas inventory in the primary coolant of a
BWR tends to be lower (Table 1.8). This implies, in turn, that the routine
release of noble gases to the environment from BWRs tends to be substantially
higher than that from PWRs. As Table 1.8 shows, the noble gas inventory in
the PWR primary coolant can also be affected by periodic control tank purges.

Table 1.8. Concentrations of gaseous fission products-
in PWR and BWR primary coolants

PWR BWR
Nuclide Half-life  (¢Ci/mL)®* (uCi/mL)®  (uCi/mL)
83my 1.86 h 55X 1072 53x107t p2x1073
8my 44h 29X 107 27x 107! 19 %1073
85¢r 1074y 20X 107! 31X 1072 97x 107
87K, 76 min 1.6 X107 1.6x107! 57x1073
88y 2.79 h 51107 - 49x 107! 61x1073
8 Kr 3.18min 1.2 X-1072 12X 107% 24x 1072
Blmye 11.96d 23X 107! 66X 1072 84X 107
133mye 2.26 4 54X 1070 31x107! 12Xx1074
133xe 5.27d 4.1 1.6 3.3 x 1073
135mye 157 min 3.4 X 1072 34X 1072 10X 1072
135%¢ 9.16h ~ 85X107! 75x107! 96x107F .
137xe '382min 25X 1072 25X 1072 41 X 10”%
138y 142min 1.2 X107 12X 107! 32%107?
Total noble 7.1 3.9 13X 1!
gases : ’

131y " 8.04d 7.1 X 107! s56x 1070 54x 1073
1331 208.8h 86X 107! 74Xx107!' 31x1072

“Without volume control tank purge.

bWith volume control tank purge.

Source: U.S. Environmental Protection _Agency 1973.
Environmental Analysis of the Uranium Fuel Cycle, Part II: Nuclear
Power Reactors, EPA-520/9-73-0003¢c, Washington, D.C.

Not included in Table 1.7 are two other activation products of importance.
The first is !N, ‘produced by the '*O(n,p)!SN reaction in the coolant water.
Nitrogen-16 has a 7-s half-life, emits a 7-MeV gamma ray, and is of impor-
tance principally for its direct radiation effects on plant personnel and plant
equipment, especially in BWRs, where the coolant loop carries it right through
the turbine system. It is too short-lived to be of importance in plant effluents.
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The other major radioactive material in the coolant is tritium, especially in
PWRs, where boric acid is added to the primary coolant as a soluble reactivity
control (“chemical shim”). The boron undergoes, among others, a '"B(x,2a)’H

-reaction, which leads to substantial concentrations of tritium in the coolant. In

addition, 3H is produced by ternary fission in the fuel and, in BWRs, by the
use of LiOH for pH control via the SLi(n,a)’H reaction. As a consequence,
substantial amounts of tritium must be included in Source Term II (NCRP
1979). Attempts are made in some plants to hold tritium concentrations below
2.5 uCi/mL (92.5 MBq/L). Table 1.9 shows estimated maximum concentra-

Table 1.9. Radioactivity concentrations in the steam generators
(secondary system)’

Isotope Concentrations Isotope Concentrations
(uCi/g) (Ci/g)
Mn 0.26 X 10~¢ 1347e ' 0.98 X 10”7
6Mn 0.13 X 10~% 1y 0.20 X 10~?
8Co 0.85 X 1073 1331 0.19 X 1073
%Co 0.26 X 10~¢ 14 , 0.25 X 1073
9Fe 0.35 X-107¢ 1357 0.53 X 107*
SiICr 0.31 X 10-¢ 1mye 0.25. X 1077
¥Br . 0.12X107% Bxe 022X 1077

C8mgr 017 X 1077 ) 1¥mXe 0.94 X 107
$Kr 0.37 X 10”7 135X e 0.56 X 1077 -
$Kr 0.98 X 10~¢ 138 e 0.54 X 1078
8Ky 0.29 X 1077 14Cs 0.18 X 1074
%Rb 0.57 X 1073 1%Cs 0.12 X 107*
89Rb 0.13 X 107¢ B1Cs 0.90 X 10~*
89gr 0.32 X 107¢ . 138Cg 0.25 X 10~3
%0gr . 0.96 X 1078 137mpg, 0.84 X 1074
gy 0.60 X 1077 upg; - 0.35X 107¢
xy 0.11 X 1077 iy 7 0.19 X 107¢
Slmy 0.17 X 1077 Wace '0.24 X 1077
Ny 0.47 X 1078 144pp 0.24 X 1077
Mo 0.37 X 1073 Tritium - 0.29 X 1073
PoTe 0.24 X 1073
$Tc 0.26 X 1074
1327, 0.19 X 10™*

“Based on 0.25% failed fuel, 110 Ib/h primary-to-
secondary leak rate, 30 gal/min per unit biowdown rate, tri-
tium concentration of 2.5 Ci/mL in primary system.

Source: Tennessee Valley Authority 1974, Final Environ-
mental Statement, Sequoyah Nuclear Plants Units | and 2,
Chattanooga, Tenn.
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tions of activity in the secondary coolant loop of a PWR, assuming 0.25%
failed fuel and a 110-Ib/h (50-kg/h) leak rate across the heat exchanger (TVA
1974).

Some of the contained trace radionuclides may escape from the primary
and/or secondary coolant loops with any water leak or steam release. Such
release paths include pressurizers, air ejectors, steam valves, gland seals, tur-
bine seals and any other dripping pipes. The gaseous and volatile components
end up in the containment vessel atmosphere; the liquids go to various floor
drains, sumps, and retention tanks. The “Radwaste” system is designed to
extract and retain as much of this residual activity as possible so that the
amount finally released from the plant to the environment can be described to
be “as low as reasonably achievable” (ALARA). This criterion is a major
objective in nuclear plant operations.

The transfer of radioactive materials from the coolant system to the con-
tainment building air and waste-water system will depend on the chemical
forms, the existing or presumed leak rates, and the means of purging the air or
. water lines. These factors will vary from plant to plant with the specific layout
and equipment employed and will also differ for routine operations, mainte-
nance conditions, and a range of accident scenarios short of the design-basis
accident.

The gaseous component will contain primarily noble gases (xenon, krypton,
helium), hydrogen (HT), '®N, with too short a lifetime to make a significant
contribution beyond the coolant system itself, the halogens (I, CH,l, and Br,)
and some semivolatiles, such as RuQy,, Cs, and fine particulates carrying. fis-
sion products. Of these, the fate of airborne iodine has attracted the greatest
attention, since it may give rise to the limiting environmental exposure under
accident conditions. Much of the iodine would be expected to interact with
exposed metal surfaces inside the containment or converted to soluble forms in
the presence of steam or water vapor and thus end up in the liquid radwaste
stream. Similarly, most of the HT should be converted to HTO by means of
catalytic converters to minimize buildup of explosive mixtures of oxygen and

hydrogen in the radwaste system. Table 1.6 (USNRC 1978) indicates some of V

the assumptions for leak rates and iodine partition factors made for the San

Onofre plant. It is important to remember that the noble gas activity released _

anywhere is typically 10® to 107 times higher than the iodine activity.
The liquid component receives contaminated water from leaks in pumps,

valves, gaskets, etc., as well as from the mopping or hosing down of floors and

from laboratory drains. Table 1.10, for the Bellefonte WNuclear Plant
(USAEC 1974), gives the quantities involved per year for two reactors.

1.5.2 Radwaste Treatment Systems

The function of the radwaste system is to reduce the residual activity in air

streams and liquids to be released to the environment to as low a level as is
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Table 1.10. Radjoactive liquid waste quantities

Quantity
Waste source (dual plant) Assumptions and
(ft37y) comments
Tritiated waste
Miscellaneous system leakage 5,800 5-gal/h leakage
Sluicing of ion exchange resins 2,800 - 14 traasfers per year
at 200 ft3 each
Regeneration of deborating 18,200 14 regenerations per year
demineralizers at 1,300 ft each
Sampling and laboratory drains 4,700 20 sampies per day
at 5 gal per sample
Filter backwash 1,200 20 backwashes per year
, at 30 f¢? each
Subtotal 32,700 All tritiated waste
recycled
Nontritiated waste . .
Miscellaneous system leakage 5,800 5-gal/h leakage
Spent fuel cask decontamination 50,000 - 30 decontaminations per year
at 1,600 ft® each
Sample drains 1,100 4 samples per'day
. at 5 gal per sample
Subtotal 56,900 - : :
Chemical waste
Laboratory drains 5,800
Decontamination drains 1,000 500 items at 2 ft’ each
Subtotal 6,300
Detergent wastes
Laundry drains 28,800 600 gal/d
Shower and sink drains 28,800 20 showers per day
’ at 30 gal each
Subtotal 57,600
- Total liquid discharged 121,300 (Sum of nontritiated,

chemical, and detergent
wastes)

Source: U.S. Atomic Energy Commission 1974. Draft Environmental State-
ment: Bellefonte Nuclear Plant, Docket Nos. 50-438/439, Washington, D.C.
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practical and can be justified by cost-benefit analysis (USNRC 1976b). The
degree of effectiveness of such treatment will depend on the condition of the
liquids, 'their impurity content, their hardness (“clean” or “dirty”) and organic
content, their pH and temperature, and the possible presence of complexing
reagents. Typically, all contaminated liquid waste streams are stored and
allowed to decay.for some time to remove short-lived nuclides, filtered to
remove suspended solids and flocculants, and purified in a demineralizer. Resi-
dual materials are then removed by evaporators or centrifuge, with the eva-
porator bottoms, filters, and spent demineralizer resins constituting a major
part of the solid waste being shipped from the plant. Figure 1.10 shows a typi-
cal flow sheet for such a system. The decontamination factors (DFs) obtained
for such a system depend on the above-listed parameters and must be known to
be included in any modification of the source term prior to release of.the
remaining liquid as an “effluent” to any receiving stream. This release is usu-
ally done by adding it to the outgoing flow of condenser cooling water.
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Figure 1.10. Radioactive liquid waste treatment systems at San Onofre
Nuclear Generating Station, Units 2 and 3. Source: U.S. Nuclear Regulatory -
Commission 1978. Draft Environmental Statement Related to Operation of
San Onofre Nuclear Generating Stations, Units 2 and 3, NUREG-0490,
Washington, D.C.
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The DFs obtainable with standard radwaste systems have been substan-
tially improved, partly under the impetus of the decontamination problems
resulting from the accident at Three Mile Island. Nevertheless, it is important
to stress that there is a practical limit set to the complexity and elaboration of
such systems by considerations of plant reliability, maintainability, and cost-
effectiveness. This is particularly evident for ion-exchange demineralizers,
where the DF depends greatly on temperature, “cleanness” of the-water (i.e.,
the presence of interfering ions), and the use cycle, and for charcoal beds and
delay line systems for the retention of noble gases. For most operational sys-
tems, the DF values quoted are found to be based on small-scale laboratory
tests that are not necessarily representative of plant-scale operations.

Since tritium is not affected by any of the common radwaste treatment

" methods, a decision must be made as to whether to release it all under highly

diluted conditions or to recycle it with purified water to use as makeup water
for the primary coolant. Figure 1.11 shows a flow sheet for the latter option
(TVA 1974). As a consequence of the Three Mile Island accident, free release
of tritium-contaminated water has been severely restricted in some states, even
for low concentrations. '
The airborne component is less easﬂy handled. For one thing, not all of it
can be contained at any given moment the way liquids can be stored. All that
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Figure 1.11. Liquid radwaste, tritium recycle system—Sequoyah Nuclear
Plant. Source: Tennessee Valley Authority 1974. Final Environmental State-
ment, Sequoyah Nuclear Plants, Units 1 and 2, Chattanooga, Tenn.
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can be done is to purify the containment building air routinely and bleed off a
certain fraction for radwaste treatment and final release. To minimize the
chance of hydrogen explosions, catalytic recombiners are commonly used to
convert free H,, and hence HT, into water, which is then added to the liquid
waste stream. To reduce noble gas activity, the air is pumped slowly through
delay tanks with residence times from 30 min to 1-3 d. This removes the bulk
of the active xenon and krypton isotopes by decay, leaving mainly some of the
5-d 133Xe and all of the 10-y 85Kr. The air is then passed through a filter bed,
consisting of a prefilter, a charcoal bed, and an absolute filter, to remove parti-
culates and volatile elements; a refrigerated charcoal filter or freon absorber
may be added to remove noble gases. Figures 1.12 and 1.13 show simplified
flow sheets for typical BWR and PWR gaseous waste systems.
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Figure 1.12. BWR gaseous waste system. Source: U.S. Atomic Energy Commission
1973. The Safety of Nuclear Power Reactors (Light-Water-Cooled) and Related Facil-
ities, WASH-1250, Washington, D.C.

Additional difficulties arise for iodine because some of it, perhaps 10%,
may be in organic form, such as CH;l. As Table 1.6 indicates, this affects the
partition coefficients between liquid and gaseous phases, and also affects the
DF values for charcoal bed adsorption and ion exchange removal. It is also
important in estimating accident consequences, since !*!I may represent the
critical nuclide (Eichholz 1977; USNRC 1975), though there has been some
reevaluation of this aspect following the Three Mile Island accident. Impreg-
nated charcoal and silver zeolite are used to reduce iodine releases.
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Figure 1.13. PWR gaseous waste system. Source: U.S. Atomic Energy Commission
1973. The Safety of Nuclear Power Reactors (Light- Water-Cooled) and Related Facil-
ities, WASH 1250, Washmgton, D.C.

After radwaste treatment, the remaining streams should be pure enough to
meet the ALARA criterion for release to the environment, either continuously
or in batches. Table 1.11 indicates. the order of magnitude of these releases, on
an annual basis, as calculated for one plant with conservative assumptions
(TVA 1974). This constitutes the final source term—Source Term [II—for any
environmental dispersion calculations. Note that the gaseous releases for that
plant are dominated by xenon and krypton, on the order of kilocuries per year,
and by tritium; tritium also far and away predominates in liquids, with only
fractional curie quantities for all other radionuclides, amounts that are trivial in
comparison to the releases of radiopharmaceuticals mentioned earlier. Actual
releases vary enormously—even for the same plant, from year to year, and
among nominally similar plant designs—depending on operating conditions, fuel
conditions, and maintenance problems. Tables 1.12 and 1.14 from a 1977
UNSCEAR report and Table 1.13 from a more recent report (Tichler and Ben-
kovitz 1981) show the kind of variations found and the degree to which the
ALARA levels could be maintained for just two effluent components. More
extensive tables will also be found in the UNSCEAR report and in Tichler and
Benkovitz (1981).
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~

Table 1.11. Annual liquid and gaseous release by isotopes®
(Two units—0.25% failed fuel)

Isotope Liquid release Gaseous release
(Ci) (Ci)
8By 0.329 X 10~* 0.786 X 103
8Kr 0.0 0.312 X 10**
ESmy 0.0 0.425 X 10%2
8Kr 0.0 0.200 X 10*2
8Kr 0.0 0.608 X 10%2
8BRY 0.149 X 1072 0.839 X 10~*
%Rb 0.328 X 10~ 0.509 X 10~*
8sr 0.135 X 1072 0.410 X 10~¢
0S¢ 0.531 X 10~* 0.146 X 1077
e 0.393 X 10~ 0.208 X 1077
'4 0.397 X 10~* 0.191 X 107
iy 0.226 X 10~2 0.683 X 10~¢
2y 0.583 X 10~% 0.428 X 1078
5Zr 0.308 X 10~? 0.889 X 10~7
9Nb 0.333 X 10™% 0.892 X 1077
- Mo 0.530 X 10*° - 0.216 X 1073
12Te 0.307 X 107! 0.127 X 10~
134Te 0.324 X 1074 0.635 X 1077
1291 0.0 0.0 :
D - 0.510.X 10%° ©-0.647 X 1072
2. 0.539°' X 10~} 0.247 X 1072
133] 0.158 X 10%° . 0.293 X 10~2
134 0.603 X 10™2 0.955 X 10~3
1351 0.280 X 107! 0.755 X 10™3
Bmye 0.0 0.111 X 10*3
13imy e 0.0 0.613 X 10*2
133% ¢ 0.0 0.602 X 10~
135X e 0.0 0.157 X 103
15mye 0.0 0.143 X 10%?
138%e 0.0 _ 0.669 X 10*!
134cs 0.994 X 107! 0.279 X 10~*
136Cg 0.363 X 107! 0.115 X 10~
131¢cg 0.502 X 10%° 0.140 X 1073
138C 0.670 X 1072 0.577 X 10~3
14084 0.108 X 10~2 0.363 X 10~¢
1401 5 0.618 X 10~3 0.314 X 1076
MWace - 0.720 X 10~ 0.355 X 1077
14p, 0.672 X 10~* 0.357 X 1077
SICr 0.114 X 10~2 0.337 X 10~%
4Mn 0.116 X 10~2 0.316 X 10~¢
%Mn 0.944 X 103 0.491 X 107¢

$Fe 0.136 X 10~2 0.392 X 106
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Table 1.11 (coutinued)

Isoto Liquid release Gaseous reiease
sotope (Ci) (Ci)
8Co 0.348 X 107! 0.972 X 10~%
0Co 0.122 X 10~2 0.309 X 10~¢
*H 0.350 X 10° 0.300 X 10*?

%Above gaseous releases include 60-d holdup
radwaste system.

Source: Tennessee Valley Authority 1974. Final
Environmental Statement, Sequoyah Nuclear Plant,
Units | and 2, Chattanooga, Tenn. ’

~ Subsequent movement in the environment to some extent is governed by the
point of release of the decontaminated air and water and the rate of release.
The liquid component of Source Term III is fairly easily characterized, since it
is readily controlled and monitored. The release point, usually into the- con-

" denser coolant outlet stream, is well defined. As Figs. 1.10 and 1.11 indicate,

the waste is typically held in holdup tanks and is released batchwise as needed.
The airborne releases are less well defined. Most of the gaseous effluents
would emerge from the plant stack after radwaste treatment, but, particularly
at BWRs, there may be significant releases through roof vents of the turbine
building, which are less readily monitored and assessed. These releases would
be continuous but may vary with particular operations and maintenance pro-
cedures. Included in this might be occasional bursts of airborne activity resuit-
ing from malfunctions or leaks of filters, gaskets, or pumps. The source term
does not include any solid material from the radwaste system, such as evapora-
tor bottoms, filters, or ion exchange resins, which are stored as solids in drums
or are shipped off to appropriate disposal sites. An outline for recommended
procedure and computer codes for source term determination is given in Regu-
latory Guide 1.112, which also contains a listing of needed data (USNRC
1976a). .

The above discussions have been confined -to routine operations of power
plants. An additional set of source terms must be developed for accident
scenarios. Traditionally, this has involved analysis of a “design-basis accident,”
such as a loss-of-coolant accident in a light-water reactor (USNRC 1975),
under a variety of conservative assumptions. Starting with the core inventory
(Source Term I) and the coolant inventory (Source Term II), release situations
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Table 1.12. Tritium discharged in airborne effluents from reactors ‘ »
in various countries, 1973—1974 .

Release Normalized release
Reactor (Ci) [Ci/MW(e)y]
1973 1974 1973 1974 -
Pressurized-water reactors
Germany, F. R.
Obrigheim 20.2 11.5 0.067 0.039
Stade 11.1 0.018
United States
Yankee Rowe 8.4 3.8 0.070 0.037
Indian Point 1 25.4 0.32 . 0.0024
San Onofre 268.9 91.4 1.02 0.26
Connecticut Yankee 50.6 0.012 0.18 0.000023
R. E. Ginna 1.1 0.37 0.0028 0.0015
Point Beach 1, 2 25.5 42.8 0.039 0.056
H. B. Robinson 25 . 51.5 0.0058 0.094
Palisades 018 - 0 0.00066 O
Maine Yankee 1.89 7.2 ~ 0.0049 0.017
Surry 1,2 42.4 60.4 0.051 0.090
Turkey Point 2, 3 4.1 .92 0.0076 0.010
Indian Point 2 . 2.0 19.9 0.050 0.053
Ft. Calhoun . 0.33 0:75 0.0048 0.0027
Prairie Island 39 0.024
Oconee 1, 2 13.1 878 0.048 1.39
Zion 1, 2 180 0.34
Arkansas 1 0.030 0.00046
Kewaunee 109 0.60 )
" Three Mile Island - ‘ 12.7 0.053
Total 466 1494
Electrical energy [MW(e)y] 5393 8014
Overall normalized 0.09 0.19
release [Ci/MW(e)y]
‘ Boiling-water reactors
United States
Big Rock Point 71.1 38.7 1.61 1.00
Humboldt Bay 19 - 1.7 0.040 0.040
LaCrosse 50.6 18.3 2.24 0.49 .
Oyster Creek 0.32 0.42 0.00078  0.00098
Nine Mile Point 26.8 15.8 0.067 0.042
Dresden 2, 3 10.0 114 0.010 0.15 Y
Millstone Point 1.7 7.9 0.0079 0.019
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Table 1.12 (continued)

Release Normalized release
Reactor (Ci) [Ci/MW(e)y]
1973 1974 1973 1974

Boiling-water reactors

Monticello
Quad Cities 1, 2 34.0 29.0 0.030 0.031
Pilgrim 1 14.0 8.0 0.030 0.035
Vermont Yankee 1.0 2.2 0.0049 0.0078
Peach Bottom 2, 3 5.6 0.0094
Browns Ferry 0.65 0.0015
Cooper Station 0.016 0.000077
Total ' 217 242
Electrical energy [MW(e)y] 4340 5094
Overall normalized . . 0.050 0.048

release [Ci/MW(e)y]

Source: United Nations Scientific Committee on the Effects of Atomic Radia-
tion 1977. Sources and Effects of Ionizing Radiation, United Nations, New York.

can be postulate& with or without core melt, involving venting of all the noble
gas inventory, 50% of the halogens, and up to 10% of other fission products.
As a consequence of the Three Mile Island accident, other, perhaps more prob-
able, accident scenarios are being studied, each of them leading to a different
source term at the release point. In addition, such predictions of accident
consequences must include a realistic estimate of additional unforeseen path-
ways due to explosions, natural disasters, and hostile action. Once the release
source term is established, existing environmental models can be used: to
predict dose effects, allowing for the short period of effluent injection.

1.5.3 Fuel Cycle Operations

It would take excessive space to address the various fuel cycle operations as
sources of environmental radioactivity in detail; each of those listed contributes
some characteristic source terms. Table 1.15 summarizes the overall environ-
mental impact of the uranium fuel cycle as a whole; clearly, the radiological
effluents constitute a relatively minor hazard component.

Of the front-end operations, mining of uranium ore is important from the
health physics aspect because of the substantial hazard to miners from inhala-
tion of radon daughters, mainly in underground mines, unless a high level of



Table 1.13. Tritium discharged in liquid effluents from U.S. reactors, 1970-1979

Facility 1970 ) 1971 1972 1973 1974 1975 1976 1977 1978 1979
*Boiling-water reactors
Big Rock Point 5.40E+01 1.03E+0! 1.04E+01 1.97E4+01  5.10E4+00 S5.73E+00 241E4+00 8.83E+00 4.05E+00 S4SE+00
Browns Ferry . 2830E+00 1.04E+00 <4.02E+00 2.40E+01 3.08E+00 1.32E+00
Brunswick 3.20E+00 5.90E+00 8.93E+00 1.41E+01 3.09E+0!l
Cooper . L.70E+00  8.25E+00 8.43E+00 9.04E+00 7.SIE4+00 6.63E+00
Dresden 1 5.00E+00 8.70E+00 433E+01 1.85E+01  1.88E+01  2.70E+0I 200E+02 B890E-02 13IE+01 1.50E+00
Dresden 2, 3 3.10E+01 385E+01 2.59E+01 2.58E+01 2.26E+01 5.40E+01 1.97E4+01 S5.00E+00 1.92E+01 1.93E+0I
Duane Arnold © 3.30E+01 JA0E+01  2.13E-0F 1.19E+02 290E-0I
Edwin I. Hatch 6.12E+00 8.98E+00 1.20E+01 9.00E+00 1.23JE+0!)
Fort St. Vrain® : 1.23E+02
Humboldt Bay 7J.O0E+00  7.50E+400 1.30E +01 SAJE+01 JI7E+01 201E+01 1.30E+01  5.26E—01 3.63E—02 39iE—02
James A. Fitzpatrick 5.03E+00 4.20E+00 3.35E+00 1.90E+00 1.52E+00
LaCrosse 2.00E+01  9.14E+01 1.20E+02 1.03E+02 1.ISE+02 1.27E+02 4 10E+01 486E+01 4.72E+01 3.54E+01
Millstone 1 1.27E+01 2.09E+01 J.70E+00 241E+01 8.03E+0I 201E+0]1 441E+00 3.20E+00 7.92E+00
Monticello .5.92E—-01 <l.00E-0I 0.00E+00 000E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Nine Mile Point 2.00E—-01 1.24E+0I 2.78E+01. 4.65E+01 1.87E+0! 2.81E+01 246E+00 2.49E+00 N/Rb 6.78E+00
Oyster Creek 2.20E—-01 2.15E+01 6.16E+01 JS9E+0F  1.41E+01  1.79E+01 3B6E+01 1.88E+01 1.96E+01 1.40E+00
Peach Bottom <I1.00E+0t 1.00E+01 3.08E+01 7.37E+01  7.09E+01 3.24E+01 4.28E+00
Pilgrim 4.20E+00 4.00E+01 1.0SE4+01 1.82E+01 4.67E+01  327E+01 298E+00 1.34E+0IL
Quad-Cities 4.70E+00 24SE+01  340E+01 S.37E+01 498E+01  264E+01 1.72E+01 1.76E+00
Vermont Yankee 1.0OE+01 0.00E+00 0.00E+00 1.60E+00 8.44E-01 N/R° 4.04E+00
. Pressurized-water reactors
Arkansas One | - 2.56E+01 4.60E+02 212E+02 245E+02 294E+02 1.68E+02
Arkansas One 2 ' . 5.27E+01
Beaver Valley 8.60E+00 1.08E+02 349E+02 9.59E+01
Calvert Clif(s 2.63E+02 274E+02  5.7SE+02  4.56E+02  5.14E+02
Crystal River 1.66E+02 1.54E+02 1.66E+02
Davis-Besse . * 901E+00 215E+02 245E+02
Donald C. Cook Lo 5.64E+01 1.92E+02 286E+02 6.24E+02 1.22E+03
Fort Calhoun 1.58E+01 1.2dE+02 1{.11E+02 1.22E+02 1.STE+02 1.50E4+02 2.58E+02
Haddam Neck 7.40E+03 5.83E+03 5.89E+03 390E+03 2.24E+03 S.67E+03 485E+03 6.67E+03 194E+03 3S55E+0)
H.B. Robinson 1.18E+02 4.05E+02 432E+02 449E+02 6.24E+02 9.80E+02 6.85E4+02 4.73E+02 4.29E+02
Indian Point {, 2 2.75E4+01  4.79E+01 7.94E+01 . 332E+02 3.71E+02 S.12E+02 3.75E+02
{ndian Point 3 ’ ' Shown with other unit 2.56E+02 1.1SE+02
v .
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Table 1.13. (continued)

Facility - 1970 1971 1972 1973 - 1974 1975 1976 1977 1978 1979
Pressurized-water reactors
Joseph M. Farley SOIE+01  9.40E+01
Kewaunce . . 9.24E+01 2.77E+02 1.80E+02 29SE+02 296E+02 249E+02
Maine Yankee 9.20E+00 1.54E+02 219E+02 1.77E+02 3.67E+02 1.53E+02 3.USE+02 202E+02
Millstone 2 7.60E+00 277E+02  2.11E+02 201E+02 2.54E+02
North Anna 2.82E+02 3.13E+02
Oconce ' 7.05E+01 3.50E+02 3.55E+03 2.19E+03 "1:92E+03  1.17E+03  8.94E+02
Palisades 2.08E+02 1.8SE+02 8.10E+00 4.16E+01 9.63E+00 S5.58E+01 1LOJIE+02 1.26E+02
Point Beach : 2.66E+02 5.63E+02 5.56E+02 8.33E+02 8.85E+02 6.94E+02 9.99E+02 1.29E+03 8.92E+02
Prairic Island <1.O0E—01 1.42E+02 4.54E-01 1.L00E—-01 135E+03 SSI1E+02 6.25E+02
Rancho Seco 1.32E+02 0.00E+00 8.5SE—02 N/R® N/R®
R.E. Ginna 1.10E+02 1.54E+02 1.19E+02 286E+02 195E+02 2.60E+02 242E+02  1.19E+02 242E+02 240E+02
Salem . 400E—02 296E+02 446E+02 7.26E+02
San Onofre 480E+03 4.57E+03 348E+03 407E+03 381E+03 4.00E+03 339E+03  1.79E+03  250E+03 2.32E+03
St. Lucie 1.33E4+01  242E+02 1.28E+02 1.28E+02
Surry 5.00E +00 488E+02 245E+02 4.42E+02 7.82E+02 4.08E+4+02 7.47E+02 3.57E+02
Three Mile Island 1 ’ 1.30E+02 4.63E+02 1.89E+02 1.92E+02 1.55E+02 ° S5.59E+0!
Three Mile sland 2 ’ 3.83E+01 7.81E+0)
Trojan . 360E+01  3.11E-+02 1.59E+02 6.80E+0I
Turkey Point ' 3.29E+02 S.80E+02 T79TE+02 7.71E4+02 8.24E+02 1.17E+03 9.40E+02
Yankec Rowe 1.50E+03 1.68E+03 8.03E+02 6.94E+02 3.14E+02 247E+02 1.56E+02 1.39E+02 1.96E+02 1.75E+02
747E+02 7.24E+02 7.25E+02 S5.01E+02

Zion 1.LOOE+01 2.74E+02 1.03E+03

“High-tcmperature gas-cooled reactor.
bN/R = not reported.

Source: Tichler, J., and Benkovitz, C. 1981. Radioactive Materials Released from Nuclear "Power Plants: Annual Report 1979, NUREG/CR-2227 (BNL-

NUREG-51416), Brookhaven National Laboratory, Upton, N.Y.
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Table 1.14. Noble gases discharged in airborne effluents from reactors in

various countries, 1970-1974

Net .

Release Normalized retease
Reactor Startup  electrical (kCi) [Ci/MW(e)y]
year power - . e -
{MW(e)] 1970 1971 1972 1973 1974 1970 197 1972 1973 1974
Pressurized-water reactors
Belgium ' .
BR-3, Mol 1962 10 0.25 190
France
SENA, Chooz 1967 270 0.003 45 313 19.9 0.02 20 130 82
Germany, F. R.
Obrigheim 1968 328 1.7 - 1.46 3.20 293 13.5 27 5.7 12
Stade 1972 630 245 2.61 0.89 6.5
Biblis 1974 1147 0.06
Tialy .
Trino, Vercellese 1964 247 0.019 0.59 1.03 0.13 38 45
Japan
Mihama 1 1970 - 340 09 1.4 0.62 0.51 0.07 1 5.6 49 5.4 2.8
Mihama 2 1972 500 0.26 0.34 0.34, 1.1 1.2 1.1
Takahama 1 1974 826 0.07 0.27
Netherlands .
Borsscle 1973 447 0.31 5.83 40 18
United States .
Yankee Rowe 1961 175 0.017 0.013 0.018 0.035 0.040 0.12 0.08 0.25 0.29 0.38
Indian Point 1 1962 265 1.7 0.36 0.54 0.12 0.61 39 4.1 38 45
San Onofre 1968 430 42 1.67 19.1 11.0 1.78 12 21 59 42 5.0
Connecticut Yankee 1968 575 0.7 3.25 0.65 0.032 0.0074 1.7 6.8 13 0.12 0.015
R. E. Ginna 1970 420 10.0 3.8 11.8 0.58 0.76 38 100 43 1.5 3.2
Point Beach 1, 2 1970/72 2 X 497 0.84 2.81 5.75° 9.74 2.1 7.9 9.9 13
H. B. Robinson 19N 700 0018 - 026 31 231 0.061 0.51 7.2 4.2
Palisades 1971 700 0.51 0.45 0.00003 23 1.7 0.0038
Mainec Yankee 1972 790 0.002 0.16 6.36 0.04 0.41 16
Surry 1,2 1972/73 2 X 788 0.00001 0.87 55.0 0.0003 1.0 82
[ . [ .
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Table 1.14 (coutinued)
Net Release Normalized relcase
Reactor Startup  electrical (kCi) [Ci/MW(e)y)
year power -
[MW(e)} 1970 - 1971 1972 1973 1974 1970, 197 1972 1973 1974
Pressurized-water reactors

Turkey Point 3, 4 1972/73 2 X 693 0.53 4.66 0.99 5.2
[adian Point 2 1973 873 . 0.015 5.58 0.38 15
Ft. Calhoun 1973 457 0066 - 0.30 0.96 (W]
Prairic Istand 1, 2 1973/74° 2 X 530 ’ 0.008 0.36 36 22
Oconee t, 2,3 1973/714 3 X 886 9.3 19.4 35 31
Zion 1,2 . 1973 2 X 1050 ’ 0.004 299 0052 " 5.6
Arkansas One | 1974 820 020 3.0
Kewaunee 1974 520 : : 335 ’ 18
Three Mile Island 1974 810 0.92 38

Total , 25.2 519 74.8 58.6 135.1

Electrical energy . ' . .

gencrated [MW(c)y) 1906 324 3960 6083 9045
Overall normalized : ; :
release [CifMW(c)y) 13.2 16.6 189 96 14.9

Source: United Nations Scientific Committee on the Effects of Atomic Radiation, 1977. Sources and Effects of lonizing Radiation, United Nations, New
York.
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Table 1.15. Summary of environmental considerations for uranium fuel cycle®
{normalized to model light-water reactor (LWR) annual fuel requirement (WASH-1248) or
reference year (NUREG-0116)}

Natural resource use Total ) Maximum effect per annual fuel requirement or
reference reactor year of model 1000-MW(e) LWR

Land (acres)

Temporarily committed® 100

Undisturbed area 79 :

Disturbed area 22 Equivalent to 110-MW(e) coal-fired power plant
Permanently committed 13 .
Overburden moved (millions of , 2.8 Equivalent to 95-MW(e) coal-fired power plant

metric tons) .
Water (millions of gallons)

Discharged to air " 160 -Equals 2% of model 1000-MW(e) LWR with cooling tower
Discharged to water bodies 11,090
Discharged to ground 127

Total water 11,377 . Less than 4% of model 1000-MW(e) LWR with
. . once-through cooling
Fossil fuel

Electrical energy (thousands of 323 Less than 5% of model 1000-MW(e) LWR output
megawatt hours)

Equivalent coal (thousands 118 Equivalent to the consumption of a 45-MW(e)
of metric tons) coal-fired power plant

Natural gas (millions of standard 135 Less than 0.3 of model 1000-MW(e) energy output
cubic feet) . .
Effluents—chemical (metric tons)
Gases (including entrainment)®
SO, 4,400 .
NO," 1,190 Equivalent to emissions from 45-MW(e) coal-fired power
plant for a year
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Table 1.15 (continued)

Maximum effect per annual fuel requirement or

Effluents—radiological (curies)
Gases (including entrainment)
22p

91,000

Natural resource use Total reference reactor year of model 1000-MW(e) LWR
Hydrocarbons 14
CcO 29.6
Particulates 1,154
Other gases
F~ 0.67 .Principally from UFg production, enrichment, and
reprocessing. Concentration within range of state
_ standards—below level that has effects on human health
HCl 0.014 :
Liquids .
SO42- 9.9 _ From enrichment, fuel fabrication, and reprocessing steps.
NO; ~ 25.8 Components that constitute a potential for adverse envi-
Fluoride 12.9. ronmental effect are present in dilute concentrations
Ca?*t 5.4 and receive additional dilution by receiving bodies of
Cl- 8.5 water to levels below permissible standards. The constit-
Na* 12.1 uents that require dilution and the flow of dilution
NH; 10.0 water are NH;—600 cfs; NO;—20 cfs; fluoride—T70 cfs.
Fe 04 .
Tailings solutions (thousands of 240 From mills only—no significant effluents to environment
metric tons) ’
Solids Principally from mills—no significant effluents to

environment

Presently under reconsideration by the Nuclear Regulatory
Commission
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Table 1.15 (continued)

Maximum effect per annual fuel requirement or

Natural resource use Total reference reactor year of model 1000-MW(e) LWR

226R 4 0.02

2301 0.02

Uranium 0.034

Tritium 18,100

¢ 24

8kr 400,000

:::Ru 0.14 Principally from fuel reprocessing plants

I 1.3
13y 0.83
PTc Presently under consideration by N RC
Fission products and transuranics 0.203
Liquids '

Uranium and daughters 2.1 Principally from milling—included in tailings liquor and
returned to ground—no effluents and therefore no effect
on environment ’

226Ra 0.0034 From UFg¢ production

201 © 0.0015

241y 0.01 , From fuel fabrication plants—concentration 10% of 10 CFR
Part 20 for total processing 26 annual fuel requirements

. for model LWR
Fission and activation products 59 X 1078
Solids (buried on site) :
Other than high level (shallow) 11,300 9100 Ci comes from low-level reactor wastes and 1500 Ci comes

from reactor decontamination and decommissioning——buried
at land burial facilities; mills produce 600 Ci—included

in tailings returned to ground; about 60 Ci comes from
conversion and spent-fuel storage; no significant

effluént to the environment.
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Table 1.15 (continued)

Maximum effect per annual fuel requirement or .

Natural resource use Total reference reactor year of model 1000-MW(e) LWR
TRU® and HLW® (deep) 1.1 X 10'  Buried at federal repository-
Efftuents—thermal (billions of British 4,063 Less than 5% of model 1000-MW(e) LWR

thermal units)
Transportation (person-rem)
Exposure of workers and general public 2.5
Occupational exposure (person-rem) 22,6 ~ From reprocessing and waste management

°In some cases where no entry appears, it is clear from the background documents that the matter was addressed
and that, in effect, this table should be read as if a specific zero entry had been made. However, there are other
areas that are not addressed at all in this table. Table S-3 of WASH-1248 does not include health effects from the
effluents described in this table or estimates of releases of radon-222 from the uranium fuel cycle or estimates of
99Tc — released from waste management or reprocessing activities. These issues which are not addressed at all by
this table may be the subject of litigation in individual licensing proceedings. Data supporting this table are given in
the Environmental Survey of the Uranium Fuel Cycle, WASH-1248, April 1974; the Environmental Survey of the
Reprocessing and Waste Management Portions of the LWR Fuel Cycle, NUREG-0116 (Suppl. 1 to WASH-1248),
and the Public Comments and Task Force Responses Regarding the Environmental Survey of the Reprocessing and
Waste Management Portions of the LWR Fuel Cycle, NUREG-0216 (Suppl. 2 to WASH-1248) and the Record of
, the final rulemaking pertaining to Uranium Fuel Cycle Impacts from Spent Fuel Reprocessing and Radioactive
Waste Management, Docket RM-50-3. The contribution from reprocessing, waste management, and transporta-
tion of wastes is maximized for either of the two fuel cycles (uranium only and no recycle). The contribution from
transportation excludes transportation of cold fuel to a reactor and of irradiated fuel and radioactive wastes from a
reactor which are considered in Table S-4 of Sect. 51.20(g). The contribution from the other steps of the fuel cycle
is bgiven in columns A to E of Table S-3A of WASH-1248. .

The contributions to temporarily committed land from reprocessing are not prorated over 30 y because the com-

plete temporary impact accrues regardless of whether the plant services 1 reactor for 1 y or 57 reactors for 30 y.

‘Estimated effluents based on combustion of equivalent coal for power generation.

1.2% from natural gas use and process.
¢TRU = transuranium; HLW = high-level waste. .
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ventilation and dust removal can be maintained. These effects are direct,
somatic, and do not lead to any long-range effluents, except by enhancement of
radon levels in the air in the vicinity of the mine.

Milling of uranium ores leads to a separation of the purified uranium, with
its low specific activity, from the accompanying radium and its daughters. The
mill tailings are retained in tailings storage areas as sludges or dried precipi-
tates and are potential sources of high levels of radon emanation.. The effects
of this on surrounding populations through inhalation or contamination of the
water supply have been studied widely (Travis et al. 1979). The source term
involves radium and relatively short-lived radon daughters, and finally 22-y
210py, The use of uranium mill tailings in landfills at Grand Junction,
Colorado, and Elliott Lake, Ontario, has also been investigated in detail, but
any effects are strictly local, confined to individual buildings.

Transportation of spent fuel is included in all environmental impact assess-
ments. Tables 1.16 and 1.17 list representative contents of spent fuel after 33
GWd/metric ton of burnup and 150 d of cooling. Various accident conditions
can be modeled; however, in general, only anrbome releases are assumed to
lead to any significant exposures.

The same material, of course, constltutes the input to any reprocessmg
plant. Although present U.S. policies rule out any immediate reprocessing of
commercial fuel, military reprocessing is going on unabated, any breeder pro-
gram is predicated on the availability of reprocessing facilities, and many
industrialized countries are continuing development of reprocessing capabilities
to conserve energy resources. Depending on the capacity .of the plant, the total
flow capacity will involve multiples of the nuclides listed in Tables 1.16 and
1.17. Similar, but more elaborate, radwaste treatment systems than are used at
power plants must be employed and, subject to the ALARA criterion, an
effluent source term can be developed for the plant. This may involve very
large quantities of tritium and noble gases (i.e., 33Kr) unless steps are taken to
retain them. Volatilization of ruthenium, as RuQy, is 'a special problem; the
radwaste system must be designed to retain it as much as possible.

The final step in the fuel cycle consists of solidification, immobilization,

- and burial of all radioactive wastes. This has been discussed extensively in

recent years (Eichholz 1977; Adams and Rogers 1978; USDOE 1979; NAS
1978; USDOE 1981), and the technology seems to be well established. Compli-
cations arise if one insists on disposal of unreprocessed fuel as spent fuel. Table
1.18 lists the predominant activities involved and the associated heat produc-
tion. Separate environmental models are being developed for solidified, encap-
sulated waste products buried in various geological media. Only the liquid
pathway is considered here in order to estimate population dose commitments
over an infinite period due to various seepage and water incursion processes.
Anticipated population doses are very low, the time scale goes well beyond the
next ice age, and a certain air of unreality is associated with many of these
calculations.
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Source Terms 1-49

Table 1.16. Representative quantities of potentially significant
fission products in spent reactor fuels”

Half-life Curies per  Grams per Release

Isotope (y) metric ton  metric ton state Notes

H 12.3 800 0.083 Gas >95% released as HTO
BKr 10.7 10,500 27 Gas

»Tc 2.13x 10° 15 880 Semivolatile  Oxide, boiling point 200°C
103Ry 0.11 180,000 5.7 Semivolatile - Tetroxide, boiling point 80°C
106Ru 1.01 820,000 240 Semivolatile 13mph + '%Rh daughters
125mTe 0.16 6,500 0.36 Semivolatile Oxide, boiling point 750°C
12ImTe 0.30 25,000 27 Semivolatile  '?"Te daughter

129mTe 0.09 13,000 0.42 Semivolatile  '¥*Te daughter

17 17 x 108 0.04 250 Volatile . Boiling point 184°C

3y 0.02 2.0 <0.01 Volatile Boiling point 184°C

134Cg 2.05 100,000 77 Semivolatile Oxide, boiling point 750°C
135Cs 3x 108 1.2 . 1400 Semivolatile

WiCs 30.2 106,000 1200 Semivolatile 137mBa daughter

Sr | 0.14 100,000 35 Solid

90gr 28.9 60,000 430 Solid Y daughter

Ny 0.16 190,000 - 78 Solid -

37 0.95 x 108 .2 . 490 Solid

BZr 0.18 400,000 19 Solid mNb + **Nb daughters
Nb 0.10 800,000 21 Solid . :

1235h 2.73 13,000 12 Solid

141Ce 009 . 80,000 - . 2.8 Solid

Wce T 078 800,000 250 Solid 14pr + “Nd daughters -
“IPm 2.62 . 200,000. © . 220 Solid -~ - S
gy 5.0 40,000 87 . . ' Solid

Burnup = 33 GWd(t)/metric ton; cooling time = 150 d.
Source:- U.S. Environmental Protection Agency 1974. Environmental Protection Agency 1974.
Environmental Radiation Dose Commitment: An Application to the Nuclear Power Industry, EPA-
520/4-73-002, Washington, D.C.

1.6 CONCLUSION

This chapter constitutes a condensed overview of the various sources of
“technologically enhanced” radiation that may impact on the environment.
Industrial and medical uses typically involve only a limited number of radionu-
clides, making it easier to predict environmental pathways. In contrast, nuclear
power plants generate a wide spectrum of nuclides and hence an extensive
series of source terms. This makes all models for the prediction of their subse-
quent movement rather difficult to work with and makes it attractive to con-
centrate on a smaller number of critical nuclides and critical population
groups. Furthermore, a suitable choice must be made between “deterministic”
and “probabilistic” models, a subject that is covered in later chapters.
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Table 1.17a. Representative quantities of actinides present in spent reactor fuels’

*
Uranium fuels Plutonium-recycle fuels
Half-life .
Isotope y) Curies per  Grams per  Curies per  Grams per bt
metric ton  metric ton  metric ton  metric ton
By 710 X 106 < 8,000 <1 3,000 .
BéY 24 X 10° <1 4,000 <1 1,500 ’
By 4510 X 10° <l . 950,000 <1 950,000
BINp 2 X 108 <1 600 1 200
1ipy 86 . 4,000 230 6,000 340
Dpy 24,400 500 8,100 750 12,000
20py 6,580 650 2,900 1,000 4,400
- uipy 13 150,000 1,300 300,000 2,600
uzpy 379,000 2 510 5 1,300
MAm 458 750 230 2,000 620
p MAm 7,800 20 100 200 1,000
22Cm 0.45 35,000 10 250,000 75
4Cm 17.6 2,000 25 25,000 300
Total (excluding :
uranium) 193,000 14,000 '585,000 23,000
“Burnup = 33 GWd(t)/metric ton; cooling time = 150 d.
. Table 1.17b. Representative quantities of corrosion products presen
: in spent reactor fuels’ :
Half-life Curies per Grams per Release
Isotope (y) metric ton ‘metric ton state
$Mn 0.86 30,000 3.9 Solid
3Fe 2.7 20,000 8.3 Solid
¥Fe 0.12 500 <0.01 Solid
8Co 0.20 30,000 1.0 Solid
%Co 5.26 2,000 1.8 Solid
?Burnup = 33 GWd(t)/metric ton; cooling time = 150 d. .
- Source: U.S. Environmental Protection Agency 1974 Environmental Radiation Dose
. Commitment: An Application to the Nuclear Power Indusiry, EPA-520/4-73-002, Washington, |
D.C. |
|
|
|
-
L 2
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Table 1.18. Radioactivity of irradiated fuel®

(curies per metric ton of uranium)”

Cooling period (d)

90 150 365
Fission products 6.19 X 105 439 X 106 222 X 10
Actinides (Pu, Cm, Am, etc.) 1.42 X 10° 1.36 X 10° 1.24 X 10°
Total 6.33 X 10  4.53 X 10° 2.34 X 10°

Predominant fission products in gaseous form included
in radioactivity of irradiated fuel
(curies per metric ton of uraniumj

BSgr g 1.13 X 10*  1.12 X 10* 1.08 X 10*
- Blmye 1.06 X 102 327 X% 10° 1.08 X 1073
13 3.81 X 102 217 X 10° 1.98 X 1078

Thermal energy in irradiated fuel
{watts per metric ton of uraniumj

Thermal energy 271 X 10* 201 X 10° 1.04 X 10* .

9Estimated burnup 33,000 MWd per metric ton of uranium.

bApproximately two assemblies per metric toa of uranium.

Source: Oak Ridge National Laboratory 1970. Siting of Fuel Repro-
cessing Plants and Waste Management Facilities, ORNL-4451, Qak Ridge,
Tenn. .

1.7 PROBLEMS

(Some of the problems given below assume access to a nuclide chart and mak-
ing “reasonable” assumptions.)

1. Calculate the mass, carrier-free, of 5 mCi of (a) *Sr, (b) !1, and of 15
GBq of (c) Mo, (d) P, and (e) *'Am.

2. Select. the most convenient bombardment reaction for the commercial
‘production of the following radionuclides: (a) %5Zn, (b) %'°Po, (c) *H, (d) “K,
(e) 18F, (f) '3, (g) "Ga. Indicate the specific activity attainable, whether the
material may be carrier-free, and what competing reactlons one may have to
consider in each case.

3. A hospital purchases an isotope generator containing initially 30 mCi of
%Mo (half-life of 66 h). Calculate the maximum quantity of the 6-h *™Tc
daughter that will grow in, and estimate how often and for how long it will be
possible to milk off 5-mCi quantities of ™ Tc.



1-52 Radiological Assessment

4. Calculate the amount of krypton, xenon, and. iodine produced in the
complete fission of 100 g of 23*U. If this burnup occurs over a period of 1 y,
calculate the fission rate, assuming steady power levels and the average equili-
brium concentration of 3!

5. Estimate the ®Kr content in a reactor core containing 100 tons of UO,
after 2 y of operation at a burnup of 33,000 MWd/metric ton (assume 3%
enrichment and no leakage).

6. In problem 5, assume that 1% of the fuel leaks, and estunate the annual
and daily release of 3Kr from the plant. What would be the effect of a 3-d
holdup before release?

7. Define the working-level (WL) unit for radon daughters in air. The
atmosphere in a certain mine contains radon daughters in equilibrium at a con-
centration of 0,3 WL. Calculate the concentrations of radon and the individual
daughters this implies. If only 40% of 2!®Pb was attached to particulates, how
would this affect the apparent working levels measured? If ventilation reduces
the later radon daughters to 70% of equilibrium, what concentration of each
would 0.3 WL then imply? '

8. A typical radon concentration in open air near the ground is
1.3 X 107! Ci/cm®. What is the corresponding WL? .Calculate the
amount of 2'%Pb collected on an air filter of 85% collection efficiency operating
for 2 h at a sampling flow rate of 35 ft3/min. How much 2!°Pb would there be
after 16-h storage of the filter?

9. Compare methods of control for. noble-gas release from nuclear power
plants. What are the respective arguiments in favor of continuous release to the
atmosphere or for complete retention?

10.. Estimate the tritium inventory in a 1000-MW(e) PWR after 350 d of
operation. Assume a coolant volume of 80,000 gal. Making reasonable assump-
tions regarding fuel leakages and other leak rates, calculate the effluent water
flow needed to hold tritium concentrations below 1% of the ‘maximum permis-
sible concentration in water (MPC,, = 0.03 uCi/cm?).

11. In the reactor described in problem 10, assume a dissolved air content
of 50 ppm in the primary coolant and calculate the amount of *C produced. If
this is released continuously as CO, with other stack gases, estimate the dilu-
tion needed to keep it below 1% of the maximum permissible concentration in
air (MPC, = 107° uCi/cm?).

12. Estimate the amount of activity accumulated on the primary coolant
demineralizer resin of a 1000-MW(e) PWR after 6 months of operation at
power. How much activity would be left after 30-d storage before shipping?

13. Calculate the amount of plutonium accumulated in 1 ton of UO, after
30,000 MWd/metric ton burnup, both neglecting plutonium burnup and
including it.

14. Estimate the hazards involved and discuss procedures to handie the
wastes and scintillation fluids at a major hospital using 200 mCi/week of
9mTc-labeled pharmaceuticals and 10 mCi/week of !“C-labeled tracer
compounds.
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| Transpoft of Radionuclides
in the Atmosphere

By H. D. BRENK,* '
J. E. FAIROBENT,' and E. H. MARKEE, JR.!

2.1 INTRODUCTION

Radioactive releases from various nuclear facilities may contribute to radi-
ation exposure through a number of pathways:

e  External exposures by direct radiation from radioactive plumes or from
- radionuclides deposited on the ground, and :

o Internal exposure due to inhalation and ingestion of radioactive material.

The magnitude of exposure is dependent on atmospheric dispersion and deposi-
tion processes.

Figure 2.1 is a schematic presentation of the atmospheric processes which
affect airborne releases. Elements of an airborne plume are affected by turbu-
lent eddies in the atmosphere which diffuse the effluent material as the entire
plume is being transported downwind. Generally, the combined influences of
diffusion and transport are called dispersion. As the plume disperses, certain
removal mechanisms may affect the effluent. For example, under certain con-
ditions, gaseous and particulate effluents may become involved in precipitation
formation processes within a cloud and be subsequently removed with the pre-
cipitation. This removal process is referred to as rainout. The removal of gase-
ous or particulate material below cloud by contact with falling precipitation is

*Brenk Systemplanung, Heinrichsallee 38, D-5100 Aachen, Federal Republic of
Germany. .
U.S. Nuclear Regulatory Commission, Washington, D.C. 20555.
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Figure 2.1. Atmospheric dispersion and removal processes.

referred to as washout. Effluent material may also be removed through gravi-
tational settling, or through contact with the ground, vegetation, or other
ground cover such as buildings. These removal mechanisms are referred to col-
lectively as dry deposition. Radioactive material may decay during transport.
Some effluents may also undergo chemical transformations during transport.

This chapter will provide a brief introduction to atmospheric dispersion
processes and removal mechanisms which affect airborne releases of radioac-
tive material. The principal focus of this chapter will be on the bases for and
the use of the Gaussian plume model -for atmospheric dispersion, and some
basic understanding of the removal processes which affect airborne material.
Although the Gaussian model is widely used because of the relative ease of
calculation, the model is based on fundamental concepts of turbulent diffusion.
The results produced by using this model are in reasonable agreement with
experimental data.
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References such as Meteorology and Atomic Energy (Slade 1968) (and its
upcoming revision, “Atmospheric Sciences and Energy Production™) and the
Handbook on Atmospheric Diffusion (Hanna 1982) provide much more exten-
sive discussions of atmospheric diffusion processes. The Workbook of Atmo-
spheric Dispersion Estimates (Turner 1967) provides additional information
concerning applications of the Gaussian model.

2.2 ATMOSPHERIC TURBULENCE AND DISPERSION

2.2.1 Characterization of the Planetary Boundary Layer

Radioactive materials from sources such as nuclear power plants, medical
facilities, and research reactors are typically released to the atmosphere
between the ground surface and an elevation of 100 m into a region of the
atmosphere called the “planetary. boundar layer” (PBL). The height of the
PBL generally ranges from about 200 to about 2000 m. Within this layer,

ground surface effects are important. Diurnal variations in air temperature due -

to heating and cooling of the earth’s surface are discernable through the PBL.
- Within this layer, wind speed tends to increase with height and wind direction

tends to vary with height as a result of reduced friction between the air and

earth’s surface. .

The stability of the atmosphere within the PBL largely determines the
intensity of turbulence and, subsequently, the diffusion processes which affect
effluents ‘released into this layer. The ‘stability of the PBL can be illustrated by
examining the behavior of a displaced parcel of air which is not subject to
other motions in the atmosphere and which does not mix with its environment.
In simple terms, if the displaced parcel of air is subject to no net force as a
result of its new surroundings; the atmosphere can be considered to be neutral;
if the displaced parcel is subject to forces which act to move the parcel further

away, the atmosphere can be considered to be unstable; and if the displaced

parcel is subject to forces which act to restore the parcel to its original posi-
tion, the atmosphere can be considered stable. The stability of the PBL can be
related to temperature lapse rate. The temperature of dry air in the atmo-
sphere tends to decrease with height at a rate of —0.98°C/100 m, called the
dry adiabatic lapse rate. If a parcel of air is displaced adiabatically at this
lapse rate, the parcel will have the same temperature and density as its sur-
roundings and is, therefore, subject to no net force. This atmospheric condition
is neutral. If the parcel of air is displaced adiabatically into an environment
which has a lapse rate greater than the dry adiabatic lapse rate, the parcel dis-
placed upward will be warmer and less dense than its environment and will be
accelerated upward. Similarly, if an air parcel is displaced downward in this
situation, it will be cooler and more dense than its environment and will be
accelerated downward. This atmospheric condition is called unstable. If the
parcel is displaced adiabatically into an environment which has a lapse rate
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less than the dry adiabatic lapse rate, the parcel displaced upward will be
cooler and more dense than its environment and will be decelerated to return
to its original level. Similarly, if a parcel is dispiaced downward in this situa-
tion, it will be warmer and less dense than its environment and will be acceler-
ated upward to return to its original level. This atmospheric condition is called
stable. Figure 2.2 presents an illustration of these stability conditions in the
PBL. Typically, unstable conditions tend to occur near the surface on a sunny
day; neutral conditions tend to occur during windy and cloudy conditions; and
stable conditions tend to occur on clear nights with low wind speeds.

These thermal factors (buoyancy) are one source of atmospheric turbu-
lence. The other source is generated by airflow over rough surfaces and obsta-
cles and is considered to be mechanical in nature. The description of the. effect
of turbulence on effiuent diffusion is complicated by the variety of forces act-
ing in the atmosphere.

. ORNL-DWG 83~ 10939
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Figure 2.2. Illustration of PBL stability conditions (Hanna 1982).

2.2.2 Characterization of Turbulent Diffusion

The two approaches most commonly used to describe turbulent diffusion
are gradient transport theory and statistical theory. The gradient transport
theory (commonly called K-theory) deals with atmospheric transport at a fixed
point, similar to the theory of molecular diffusion originally presented by Fisk
in the mid-nineteenth century, proportional to the local concentration gradient.
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Thus, the vector flux S through an area element dA4 at a certain point is e_qual
to

S = —KVV¥, @1

where K is the turbulent diffusion coefficient and ¥ is the pollutant concentra-
tion within the infinitely small volume element dV. (Note: In the United
States, x is commonly used rather than ¥ to represent concentration.)

Assuming no sources or sinks in d¥, the change of the potlutant concen-
tratiors with respect to time is

2 - —dv S (2.2)

ia‘tl = VKVY¥ + KVM¥ . 23)

The assumption of spatial homogeneity, which means that
VK = 0,
results in the so-called Fickian diffusfon equation:

aa—\p = KViy . (2.4)
t

Because this diffusion theory concentrates on the atmospheric transport at
a fixed point in space, it may be said to be Eulerian in nature. This means that
it considers properties of the fluid motion relative to a spatially fixed coordi-
nate system.

The statistical theory differs considerably from the gradient transport the-
ory. Instead of studying the material flux at a fixed space point, one studies
the history of motion of individual fluid particles and tries to determine from
these the statistical properties necessary to represent diffusion. This approach
is Lagrangian in nature.
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For large diffusion times, i.e., nearly uncorrelated particle motion, both
the gradient transport theory and the statistical theory supply the well-known

- normal Gaussian distribution of the pollutant material in the atmosphere as a

fundamental solution (Slade 1968; Pasquill 1974).
In terms of the gradient transport theory, the pollutant concentration
(here: activity concentration) may be written as

= o
[(4mt YK K K, ]"

(2.5)
[x=x? | =yt | 2=z
Bl Y 4Kt 4Ky |

where x, y, and z are axes as presented in Figure 2.3,

Q@ = activity released,
K = (diffusion coefficients,
t = _time.

In terms of the statistical theory, the pollutant concentration may be
expressed as ' ‘

vy = —£2  x

' (21r)3/20xayaz
1[(x = x| 0 =yl | (2 = z)’|| (2.5)
€xp —-2'{* .2 ¥+ aﬁ' + p )

where ¢ (= 2 kt) represents the variance of the well-known Gaussian distri-
bution (Walpole 1978).

2.3 GAUSSIAN PLUME MODEL

Equation (2.6) describes the extent and concentration distribution of an
effluent cloud due to a single point-type release, where P(xq,y0,20) is the cen-
ter of the cloud. This equation forms the basis for the Gaussian “puff” models.
In these models the transport of each puff is determined from a wind field
which can vary with time and space (Start et al. 1974).

Assuming not a single but a series of distinctly separate point-type
réleases, which move away from the point of release P(0,0,z¢) (Fig. 2.3), in
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Figure 2.3. Gaussian diffusion of single puffs. -

the form of ‘growing clouds at mean velocity u and along the abscissa (x axis),
the concentration distribution of each individual cloud may be specified as

R

(2x) 0o, 0,0,

. - - )2
e e . 1{x — ut -
——[——— + |+
. exp[ zl Gy ] [dy

where Q denotes the total pollutant amount in each specific case, and ¢
denotes the traveling time of a cloud. Equation (2.7) describes a situation like.
the one illustrated graphically in Fig. 2.3. In the immediate vicinity of the
source, the cloud is still negligibly small. It then grows due to the dilution
: effect of the atmospheric diffusion in all directions, producing a pollutant con-
. centration of normal distribution. In general, the concentration distributions

along all coordinate axes are different. For the specific case of equal diffusion

2 2

Z — 2y
+

’ 2.7)

g
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in all directions (Fig. 2.3), spherical clouds will form, featuring a spherosym-
metric normal distribution of the pollutant.

The individual clouds are transported at mean velocity u, so that after a
certain time ¢ they have covered the distance x.

For a continuous series of releases, a plume consisting of an infinite num-
ber of overlapping individual clouds tranported along the x axis at velocity u,
and integrated over the time interval of release can be assumed.

Assuming diffusion along the x axis is small compared to transport and

can be neglected and assuming total reflection on the ground, it is possible to

calculate the concentration distribution  inside the plume by means of
Eq. (2.8).

-0 o

21ruaya,

2 —_ 2
S e R e
¥y z

2z

where

Q = release rate (activity/time), and
H = effective stack height.

Equation (2.8) may be illustrated using the schematic representations of
the plume in Figs. 2.4 and 2.5. Neglecting diffusion along the x axis implies
that the individual spherical clouds in Figure 2.3 form infinitely thin slices
instead. A continuous release provides for the fact that an infinitely large num-
ber of these thin slices with the pollutant amount Q will line up in a row, thus
forming a continuous series of slices; i.e., a plume. In this case, a Gaussian dis-
tribution (Fig. 2.4) will likewise occur along the two axes in transverse direc-
tion to the basic flow. The concentration in the plume will double after having
reached the ground, where it is entirely reflected (according to convention).
This is achieved mathematically by assuming a virtual source at z = —H
and superposing the plumes of both sources for z > 0. The term

exp[ —(z + H)z]

202

.
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) Figure 2.5. Scheme for the total reflection at the underlying surface (i.e., no gfound
absorption).
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in Eq. (2.8) originates from this -virtual source. The procedure ensures that
there is no diffusion normal to the ground. In other words, the diffusion flux in
z direction, S, is

2.3.1 Prerequisites and Assumptions

Equation (2.8) is the basic equation of the Gaussian plume model, from
which all the other computational equations used within this chapter are
derived. It would go beyond the scope of this chapter to derive this equation
from the statistical theory step by step, taking into account all the theoretical
prerequisites, assumptions, and boundary conditions required. In this respect,
reference is again made to the original literature (see, for example, Slade
1968; Hanna 1982)."

- To enable an adequate evaluation and a sufficient understanding of the
practical possibilities and limits of application of the Gaussian plume model,
the most important prerequisites and assumptions need to be discussed. Theo-
retically, the model is valid under the following essential conditions:

*  homogeneity of turbulence, )

. staiibnary turbulence conditions and s'teady-state pollutant concentration,
e sufficiently long diffusion times,

*  spatially constant basic flow,

*  nonzero wind speed,

* the continuity condition must hold true,

¢ total reflection of the plume on the ground.

These conditions will be illustrated in the following subsections.

2.3.1.1 Homogeneity of Turbulence

Homogeneity of turbulence means that the equalization of the concentra-
tion due to turbulent diffusion is equal at every point in space. In mathemati-
cal terms, this means that -

VK = 0 . (2.9)
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Hence,
K(x,y,z) = const. . (2.10)

In the real atmosphere, however, this state practically never occurs. Horizontal
homogeneity is reached approximately when the local topography exhibits only
minor differences, such as in the case of flat plains with minor surface rough-
ness.

Vertical homogeneity occurs even less often, because of the buoyancy and
gravity forces always present. Wind velocity increasing with height is a typical
example of the vertical inhomogeneity of the atmosphere (Sect. 2.3.1.4). ~

2.3.1.2 Stationary Turbulence Conditions and Steady-State Pollutant
Concentration .

To derive the Gaussian plume model, we assumed mass transport in the
direction of the x axis. In this case Eq. (2.4) would read

Y ¥ i S (211
Kk B T SRS S . S & S v
a | ax * ax? Y ay? oz’

The assumption of steady-state pollutant concentration means

When simultaneously neglecting the diffusion in the x direction (Sect. 2.3.1.5),
Eq. (2.11) will give

¥ _ oMY - (2.12)

Imagining an area transverse to the flow inside the plume (Fig. 2.6),
Eq. (2.12) implies that the amount of material transported from a specific
location at mean velocity u into the area is just equal to that amount which
can be transported away by diffusion in the y —z plane. This is the case when
atmospheric turbulence and release source strength are constant in terms of
time. ' '
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Figure 2.6. Explanation of stationary Gaussian plume diffusion.

In reality, however, neither the turbulence nor the release source strength .

is constant over longer periods of time. The turbulence of the atmosphere

- varies with the diurnal cycle of insolation and changes in the general weather
situation. The release of radioactive substances from nuclear installations also
varies with time. : .

As a rule, approximately stationary conditions occur only within a range
of hours. For example, when-examining the probability for a constant wind
direction within a 5° sector at Karlsruhe, the following probabilities* are
obtained for the durations listed:

15min  80%
30 min  65%
l1h 35%
2h 15%
Sh 5%
10 h 0%

*The data are applicable to Karlsruhe, Federal Republic of Germany, and to all
states of turbulence (Thomas 1975).
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Similar observations apply to other parameters of turbulence, such as
wind velocity or the stability of atmospheric stratification. This implies that
the pollutant concentration can be calculated according to Eq. (2.8) for rela-
tively short durations only. If a calculation of pollutant concentration is
required for longer periods of time, e.g., 12 months, the pollutant concen-
trations must be superposed in each specific case for constant turbulence con-
ditions (Sect. 2.4.1).

2.3.1.3, The Effect of Diffusion Times

Because of the theoretical derivation of the Gaussian plume model, the
pollutant concentration calculated according to Eq. (2.8) represents a mean
value over a certain diffusion time (Slade 1968). The implications of this state-
ment may be illustrated by means of Fig. 2.7. v

If the time-averaged diagrams of.the plume were extended to distances
quite far from the source, the boundaries of the time-smoothed plume would
meander, because the longer length of the plume would come under the influ-
ence of eddies that are quite large in area. The averaging time used originaily,
therefore, would be too short to show a time-averaged picture .of these larger
fluctuations. A longer time average appropriate to this greater distance would,
again, be too short for distances greater yet. ’

~ It is important to recognize that eddies larger than the plume dimension
cause the plume to meander, whereas those that are smaller tend to tear it.

ORNL-DWG 82-12347
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Figure 2.7. The diagrém on the left represents the approximate outlines of a smoke
plume observed instantaneously and of plumes averaged over 10 min and 2 h. The dia-
gram on the right shows the corresponding cross-plume distribution patterns (Slade
1968).




2-14 Radiological Assessment

apart (Fig. 2.8). Thus, as the diffusion time increases and the plume reaches
greater and greater distances and grows in size, larger and larger turbulent
eddy sizes become effective in diffusing the cloud, and smaller eddies become
increasingly ineffective.

ORNL -OWG 82.12148

SOURCE

- Figure 2.8. Eddies that are larger than the plume ténd to cause the plume to meander,
whereas those that are smaller tend to tear it apart. :

With respect to the averaging time, this shows clearly that for increasing
source distances the averaging time must also be increased in order to get a
sufficiently smoothed pollutant distribution. Otherwise, the concentrations
observed do not generally ‘correspond with the concentrations calculated
according to Eq. (2.8).

This becomes important with respect to the experimental determination of
the diffusion parameters o, which we are going to deal with in Sect. 2.3.3.2.

Another effect is that Eq. (2.8) is not able to predict short-period fluctua-
tions, i.e., to predict single instantaneous values of the pollutant concentration
in the air. Due to the very long averaging time for the assessment of routine
releases, this is of little importance. However, in the case of accidental
releases, this may lead to difficulties, since it becomes impossible to make an
adequate prediction of the short-term pollutant concentration resulting from an
accidental release.
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2.3.1.4 Significance of the Spatially Constant Basic Flow

In principle, the spatial constancy of the basic flow,

o _ du _ du S @213)

is a property that is already covered by the requirement of homogeneity. How-
ever, this property can limit the practical application of the Gaussian piume
model.

For horizontal changes, Eq. (2.13) is essentially fulﬁlled In the vertical
direction, however, there is a pronounced wind profile (Fig. 2.9), which
changes depending on surface roughness, geographical latitude, and stability of
the atmosphere. Accordingly, the wind velocity increases in proportion to the
height with the wind direction initially remaining constant, while changing to
the geostrophic wind at greater heights. Apart from the air density, the geo-
strophic wind depends on the Coriolis force and pressure gradient.

The wind velocity increasing with height and the change in wind direction
corresponding to the Ekman spiral is graphically represented in Fig. 2.9, based
on theoretical considerations (Lettau 1962), for a mean latitude and roughness
in the northern hemisphere. )

Accordingly, a relatively quick change of the wind velocity in proportion
to height takes place in the lower boundary layer which ‘is important to pollu-
tant diffusion near ground level. Up to a height of about 150 m, the wind
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Figure 2.9. Horizontal wind velocity u as a function of height and direction. The values
have been calculated for median latitude and roughness length (Lettau 1962).
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direction remains almost constant, while turning into the geostrophic wind
direction at heights between 150 and 800 m.

Some experimental investigations have shown that the change in wind
direction during stable weather situations starts at a height of only 40 m and
reaches 26° on the average at a height of 200 m. During unstable weather
situations, the turn of the wind direction begins at a height of about 80 m

and reaches a mean value of 2° at 100 m and a mean value of 11° at -

200 m (Hiibschmann 1981). ‘

For describing the height dependence of the scalar wind, an exponential
formulation is generally selected within the scope of applications to environ-
mental assessments. This results in

@ _ |z (2.14) .
u(zo) Z9 ’ ) - .

where

m = exponent of vertical velocity wind profile,

in which zq is located by definition 10 m above -undisturbed terrain (e.g.,-
10 m above the highest buildings). The exponent m is highly dependent on
the surface roughness (see Table E in the appendix of this chapter).

An alternative to the exponential formulation-in meteorology is the loga-

" rithmic formulation, .

w(z) = LmZ, 0z <z . (2.15)
K .

where

2 the roughness length,
u* = the friction velocity (L/T), and
k = von Karmann’s constant.

Newberry et al. (1974) divided natural surface into four roughness cate-
gories:

©  Category I: 0.1 < m < 0.15, or 0.005 m < 2 < 0.05 m; sea, plain, or
open country without major obstacles.

e  Category 2:0.15 <m < 0.25, or 0.05 m < £ < 0.5 m; open country with
a few trees or bushes.
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e Category 3: 0.25 S m < 0.35, or 0.5 < 2 € 1.5 m; dense forestry, small
towns, or suburbs.

e Category 4:035<m<045,0or1.5m < £ < 3 m; metropolitan areas.

2.3.1.5 Meaning of a Nonzero Wind Speed

A further important prerequisite for the application of the Gaussian
plume modei consists in neglecting the diffusion along the abscissa versus the
transport of material with the wind velocity in Eq. (2.11) (Pasquill 1974):

P> -a¥ , (2.16)
—_— <L y— . *
K, Py u Ix

This applies to wind velocities above approximately 0.5 m/s. In the real
atmosphere, this prerequisite is generally fulfilled, in particular for heights
above 100 m. For lower heights (e.g., for ground releases) and higher fractions
of calms, the Gaussian plume model is not strictly applicable. For such cases,
it may be necessary to introduce the diffusion term in the x direction into the
solution again and thus to base the calculations either on the Gaussian puff
model (Start et al. 1974; Doury 1980; Vogt et al. 1979) or on other more
sophisticated numerical models (Hoffman et al. 1978).

" 2.3.1.6 Condition for Continuity-and Total Reflection on the Ground

The continuity condition for the Gaussian plume model reads as follows:

o +o . )
[ [f Wopz) Gdy dz dt =0 . (2.17)
0 —oo )

This means that the free atmosphere must not have any sources or sinks. The
basic flow of activity u- ¥ through a random element of area transverse to the
direction of flow in the. y —z plane, in Bq/(m?s) for instance, must be equal

“to the total amount of activity released, Q, when integrated over the time of °

release and the entire y —z plane; i.e., in the final analysis, the total amount
‘of activity must pass through any y —z plane at the point x.

In the real atmosphere, however, the condition for continuity defined
according to Eq. (2.17) is not fulfilled. Here, both sources (resuspension of
radionuclides) and sinks (dry and wet deposition, radioactive decay, etc.) must
be expected. These discontinuities in the atmosphere are not taken into account
in actual fact in the derivation of the Gaussian plume model. However, it is
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current practice to introduce the sinks into the calculation again via balancing
the amount of activity transported:

+o
(2.18)
ﬁag = A - AQ =y [] Wxp0) dx dy

where ¥(x,y,0) is given by Eq. (2.8).

The assumption of a total reflection on the ground is not fulfilled either,
since, in reality, there is a deposition on the ground. However, this assumption
tends to lead to an overestimation of the pollutant concentration in air and,
thus, to more conservative values.

2.3.1.7 Practical Consequences

The theoretical prerequisites, assumptions, and boundary conditions for
the Gaussian plume model are rarely completely fulfilled in the atmosphere.
However, through development of the diffusion parameters (¢’s) from the
results of field studies, the Gaussian model can produce results which are in
reasonable agreement with data.

This applies essentially to the homogeneity condition (including the spa-
tially constant wind velocity), to the condition of continuity, and to the total
reflection on the ground, as well as to any possible limitations of the diffusion
with height due to temperature inversions.

In view of the requirement of stationary turbulence conditions, it w111 be
necessary to categorize the different states of turbulence in the atmosphere and
organize the experiments in such a way that a relevant set of diffusion parame-
ters is ascertained for all states of turbulence. This procedure offers the possi-
bility of calculating pollutant concentrations over periods of time longer than
those given by the duration of stationary turbulence. In the concrete case, this
will be necessary for assessing, e.g., the annual radiation exposure.

2.3.2 Classiﬁcatipn of Turbulence

The overall state of turbulence in the atmosphere is composed of a buoy-
ant (convective) and a mechanical fraction. Depending on the weather situa-
tion and ground surface conditions, the convective turbulence predommates at
one time and the mechanical turbulence at another.

The causal connections for their formation and effect are shown in Figure
2.10. It is obvious that the intensity of turbulent diffusion is subject to large
variations in terms of time and location due to the complexity of its causes.
The overall condition of the atmosphere may be subdivided into several indi-
vidual “states™ for which the theoretical assumption of a stationary, homogene-
ous atmosphere is fulfilled for a certain period of time at a fixed location.
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Although direct measurements of turbulence should be used to determine these
states, such measurements are not practical due to difficulty and expense. Con-
sequently, atmospheric turbulence is usually inferred from available meteoro-
logical information. ’

Using information from the diffusion experiments performed for Project
Prairie Grass, Pasquill (1962) distinguished six stability classes from A
(highly unstable stratification) to F (highly stable stratification). The criteria
for Pasquill’s original classification considered the relationship of wind speed,
isolation (amount of incoming solar radiation), and cloudiness. Table 2.1
presents the meteorological conditions used to derive the Pasquill stability
classes (see Hanna 1982 or Turner 1967). These types of meteorological
measurements are available at National Weather Service (NWS) offices.

Turner subsequently developed criteria to determine Pasquill stability
classes more objectively using cloud cover and height; solar angle (as a func-
tion of time, date, and location); and wind speed. A similar classification
scheme has been developed by Klug (1969) with reference to Pasquill using
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‘Table 2.1. Pasquill stability categories

A: Extremely Unstable Conditions D: Neutral Conditions®
B: Moderately Unstable Conditions E: Slightly Stable Conditions
C: Slightly Unstable Conditions F: Modcrately Stable Conditions -
Surface Wind Daytime Insolation Nighttime Conditions
Speed at 10 m  Strong  Moderate  Slight Thin Overcast or <3/8
(m/s) >3/8 Cloudiness® Cloudiness
<2 A A—B B
23 A—B B C E F
3—5. B B—C C D E
5—6 c c—D D D D
>6 C D D D D

SApplicable to heavy overcast day or night.
*The degree of cloudiness is defined as that fraction of the sky above the local
apparent horizon that is covered by clouds.

exclusively synoptic data. It is based on the degree of cloudiness and the wind
velocity at a height of 10 m over undisturbed ground.

Other authors do not confine themselves to purely synoptic data, but use
either the radiation balance or the temperature gradient or both in conjunction
with the wind velocity, instead of the degree of cloudiness, for evaluating the
turbulent diffusion, since both the radiation balance and the temperature gra-
dient reflect in a way the condition of the ground surface. The radiation bal-
ance is, among other things, a function of variations in the reflection capacity
of the ground surface. The temperature gradient, although being governed
primarily by convective turbulence, is also influenced through changes in
mechanical turbulence.

Such a system, which also considers the effect of the ground surface, is
used in a slightly modified form by, for example, McElroy et al. (1968, 1969).
By means of the standard deviation of the horizontal fluctuation of the wind
direction and using the Richardson number, which constitutes a measure for
the vertical temperature stratification of the atmosphere, the authors define
four stability classes, presented in Table 2.2.
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Table 2.2. Definition of stability classes according to
McElroy et al. (1968, 1969)

a, Richardson number (dimensionless)
(deg) <—-0.01 *0.01 >0.01

24 to 30 B; (B)
18 to 22 B (C)
15 to 20 C (D)

81013 , D (E)

9The corresponding Pasquill stability classes
are given in parentheses.

A procedure involving relatively high expense in terms of measuring tech-
niques is used by Polster and Vogt in Jillich (Federal Republic of Germany),
Table 2.3 (Vogt 1970). Basically, the system is similar to that of Pasquill. In
order to keep the classification error as small as,possible, however, they simul-
taneously determine the degree of: cloudiness, the radiation balance, and the

_ temperature gradient in addition to the wind velocity.

Although the three additional values are in part redundant, the radiation
balance and temperature gradient take account of different characteristics of
the ground surface, so that they also supplement each other to a certain extent.
Among other things, this procedure is aimed at taking better account of the
ground surface condition during the implementation of diffusion experiments.

Furthermore, there are several other systems of determination which are

.widely used to classify atmospheric turbulence. These systems use one parame-

ter only—either
e the vertical temperature lapse rate (also referred to as either AT or verti-
cal temperature gradient), or

e  the horizontal fluctuation of the wind direction, ¢/ (Slade 1968; Singer et
al. 1966), or

¢ the Richardson number, or
e  the Monin-Obukhov length, ¢f (Gifford 1976).



Table 2.3. Alternative definition of the stability classes accosding to Vogt (1970)

Time of

day Sun height, a Degree of cloudiness
>50° <4/8  5/8..1/8 8/8 -
31° ... 50° <4/8 5/8...1/8 8/8
Synoptic Da 16° ... 30° <4/8 5/8..17/8 8/8
Observations y 8° ... 15° <4/8 >4/8
<7° (0) ... 8/8
Fog
Night 8/8 5/8..7/8 <4/8
- Fog
Insolation Index 4 3 2 | 0 =1 -2
Mcasurement of Insolation, >060 060..035 "034..006 0.15..009 008. —001 —002..-004 <—005
cal/cm*min .
Measurement of Stability [temperature
gradient (AT/Az), °C/100 m, measured <—1.5 —14..-12 —-11..-09 -08..-0.7 —06..00 0.1..20 >2.0
at heights of 120 m and 20 m)
Wind Velocity (u), m/s
<1 A A B c D* G G
l..19 A B B C D* G G
2.29 A B C D D E F
3..49 B ‘B C D D D E
5..69 C C D D D D E
27 D D D D D D D
. 4 . - .

1UaWISSAsSy [ed130[01pRY 7Z-T
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Vertical temperature gradient, an attempt to relate the thermal charac-
teristics of the atmosphere to turbulence intensity, is relatively simple to meas-
ure on a fixed tower and is one of the measurements made routinely at nuclear
power plants. AT is a function of surface characteristics of height of measure-
ment. Table 2.4 presents the AT classification scheme promuigated by the
NRC. Note that the NRC has added an “extremely stable” class (“G”)*
because of their concern about accidental releases of radioactive material from
nuclear power plants during low-wind-speed, stable atmospheric conditions.
Such an extremely stable class has also been promulgated by Vogt (1970). The
AT method is probably most appropriate when measured over relatively low
height intervals, such as from 10 m to 60 m above the ground and for the
consideration of releases near ground level. Measurements through deeper
atmospheric layers do not properly reflect changes nearer the surface. AT is a
poor indicator of unstable conditions and should not be considered the best sta-
bility indicator for evaluating diffusion from elevated release points (at heights
above about 100 m). AT is probably most useful in estimating turbulent
intensity during low-wind-speed, stable conditions because the measurement is
unaffected by instrument response to wind speed. But AT is regarded primarily
as an indicator of vertical diffusion. -

*The NRC developed g, and o, curves for “G” stability using the following rela-
tionships to the ¢, and o, curves for “F~ stability: .

a,(G) = 2/3 o,(F)
0(G) = 3/5 o (F)

Table 2.4. Classification of atmospheric stability
by vertical temperature difference

Stability Pasquill Temperature change

classification " categories (,,w (i:t/hl g;ig:‘t) ‘

Extremely unstable A AT/Az € — 19
.Moderately unstable B =19 < AT/Az € —1.7
Slightly unstable C =17 <AT/Az < —L5
Neutral D —L5<AT/Az< —05
Slightly stable E —0.5 < AT/Az< 15
Moderately stable F 1.5 < AT/Az < 4.0
Extremely stable G 4.0 < AT/Az
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Wind direction fluctuations (Fig. 2.11) are the direct result of the inten-
sity of turbulence, and, as such, are functions of surface characteristics and
heights of measurement. The standard deviations of horizontal wind direction
fluctuations (og) have been related to stability classes.®* Table 2.5 presents
the g classification scheme promulgated by the NRC, based on an analysis
performed by Slade (1968). Again, note that the NRC has included a “G”

*Standard deviations of horizontal and vertical wind direction fluctuations can also
be used to estimate o), and o, without interfering a stability class.
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Figure 2.11. Typical horizontal wind-speed and -direction traces. (a) Differences in
characteristics for simultancous recordings at 16 and 120 m (chart speed, 3 in./h).
(b) Example of a very steady wind trace (chart speed, 3 in./h). (¢) High-speed
trace (chart speed, 3 in./min). (Slade 1968)
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Table 2.5. Classification of atmospheric stability*
by standard deviation of horizontal
wind direction (o)

Stabﬂity

Pasquill o

4

classification categories (g;g)
Extremely unstable A g9 2 22.5
Moderately unstable B 225> g5 2 i7.5
Slightly unstable C 17.5 > a2 12.5
Neutral D 125> 092 1.5

" Slightly stable E 7.5> 092 3.8
Moderately stable F 38> 0= 21
Exiremely s‘tableA G 2.1 > ay

Use of os to represent atmospheric stability when
wind speeds are less than 1.5 m/s should be substan-
‘tiated. If oy is to be used as an indicator of vertical dif-
fusion (atmosplieric stability), adjustments to the sam-

- pling interval may be needed to climinate wind fluctua-
.tions in the horizontal which do not occur in the verti-
cal, especially during nighttime conditions. .
*Determined for a 15-min to 1-h period for horizon-
_ tal diffusion.

class for comparability for the AT classification scheme. The applicability of
the standard deviation of horizontal wind direction is determined by the
responsiveness of the wind vane used for measurements and the methodology
used to calculate the standard deviation of .the fluctuations. Many wind vanes
are not sufficiently responsive at low wind speeds to allow a meaningful deter-
mination of wind direction fluctuations. The NRC, for example, suggests use
of o, only for wind speeds greater than 1.5 m/s. In addition, the NRC
recommends that gy be determined from no less than 180 instantancous
values of wind direction to achieve a meaningful representation of the standard
deviation. But gy is regarded primarily as an indicator of horizontal diffusion.
To accommodate their relative strengths, the AT and oy are sometimes
used in conjunction in what is called a “split sigma” approach. The “split
sigma” aproach usually takes the form of deriving horizontal stability class

ni s
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according to oy and vertical stability class according to AT, and ¢, and o,
values are determined accordingly. In this approach, the AT method is gener-
ally used to represent a single stability class for diurnal wind speed conditions
(e.g., less than 1.5 m/s). .

Indicators of turbulence such as the Richardson number, bulk Richardson
number, and Monin-Obukhov length, provide relationships which reflect both
thermal and mechanical turbulence in the vertical. These indicators are shown
for comparison. :

LN
dz
Richardson number = & - 4—" | (2.19)
- T au
a9z
where
g = acceleration due to gravity,
T = temperature,
I' = adiabatic lapse rate,
u = mean wind speed, and
z = height above ground.
" The quahtity du/dZ represents wind shear.
[ﬂ + 1‘]22
. az
Bulk Richardson number = & - ——— " — , (2.20)

T uzz

where

u, = wind speed at the geometrical mean of the heights used to determine
the temperature gradient.

_ ulCppT (2.21)
Monin-Obukhov Length, L = -_k_gH— s

where

u. = friction velocity as determined from the surface shear stress
ue =(1/p)%,
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specific heat at constant pressure,
density,

shear stress,

von Karman’s constant,
acceleration due to gravity, and
vertical heat flux.

Moy & a4 v )
n

Table 2.6 presents a relationship between the Pasquill stability classes,
Richardson number, and Monon-Obukhov length.

Table 2.6. Relations between Pasquill type and
turbulence criteria R;and L
for flow over short grass
(Gifford 1976)

Pasquill R; L
type (at 2 m) _(m)

A —1.0to —0.7 —2t0 -3
B —0.5t0 —0.4 . —4to —5
c- —0.17t0 —0.13 _ —12t0 —15
D 0 . L
E 0.03 to 0.05 35t0 75
F 0.05 to 0.11 8 to 35

2.3.3 Diffusion Parameters

The Gaussian model has been expressed in terms of diffusion parameters,
o, and o,. Probably the most subjective and controversial aspect of using the
model is selection of appropriate horizontal or vertical coefficients. Table 2.7
summarizes a number of field experiments used in deriving these parameters.

2.3.3.1 Major Test Series

Table 2.7 compiles what are generally thought to be the most important

" test series for determining the diffusion parameters. This compilation covers

tracér experiments exclusively. Besides the test site and name of the project,




Table 2.7. Some impor(lnt. diffusion test series (Vogt 1977) S
Release ’ Sampling Rough Numb &
Test site Tracer height Duration Range height . length of g?
(project) (m) (min) (km) (m) (m) tests a. .
[<]
R s
Harwell, U.K. Yar 6l 15-60 10 0-300 88 ®.
(BEPO Series) . g
(Stewart ct al. 1958)
>
ONeill, Nebraska, U.S. SO, : 0.5 10 0.8 1.5 0.01 70 ]
{Prairie Grass) 5 *
(Barad et al. 1958) [
2
Massachusetts, U.S. SO, 03 ) 10 0.2 1-$ 0.1
(Round Hill)
(Cramer et al. 1959)
Hanford, Wash., U.S. ZnS 0.35-1 30-60 25 1.5-70 80 .
(Green Glow) '
(Barad ct al. 1962)
NRTS, Idaho, U.S. Uranine 46 30 32 . | 16
(Islitzer, 1961)
Brookhaven, N.Y., U.S. Yar © 108 30-90 60 Surface | 1
(Singer ct al. 1966)
St. Louis, Mo., US. Zn-Cd- Near - 60 16 Surface 12 2
(McElroy et al. 1968) sulfide ground (10 300)
Cadarache, France Uranine 5-50 30-60 10 1 100
{Le Quinio 1962) .
Karlsruhe, F.R.Germany HTO 60 Ix20 s 1 1-2 25
(KOnig et al. 1973) CFCly, 100 3x20 3.5 1 1-2
CF,; BR,
Jiilich, F.R. Germany #cy . 50 30-60 ] 1-250 1-2 65
(Vogl ct al. 1974) 166Ho 100 . 30-60 " 1-250 1-2
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Table 2.7 contains the most relevant data on the experimental conditions:
type of tracer, release height and duration, sampling range and height, rough-
ness length, and number of tracer experiments. These data are important but
not sufficient for evaluating the reliability, comparability, and application
range of the test results. It must be said that the measurements or at least the
documentation of the meteorological data required for interpretation of the
results (such as vertical profile of wind velocity and wind direction, tempera-
ture gradient, and wind fluctuations) still leave much to be desired. In certain
studies (e.g., Prairie Grass Project, St. Louis Diffusion Studies), the emission
heights were near ground level;, in other test series, they corresponded to
medium stack heights (50 to 100 m). As to the emission or sampling periods
. (varying between 10 and 90 min), the test series are not always comparable.
In the Prairie Grass and Round Hill tests, the sampling grid extended only
over relatively small source distance ranges, so that the values extrapolated
from the measured diffusion parameters for larger source distances are very
speculative. Sampling was essentially effected near ground level.

The number, range, and informative value of additional vertical distribu-
tion measurements carried out for some of the tests are restricted. The data on
roughness lengths, which are available only to a minor extent, show that the
surface roughness at the individual sites differs very much. These differences
" are all important to consider when comparing the measurement results.

2.3.3.2 Various Parameter Systems

Not all of the test series described have led to a set of source-
distance—dependent diffusion parameters covering all diffusion categories, that
is, all relevant types of diffusion for effluent plumes. The following discussion
describes some of the most important systems of diffusion parameters, based
chiefly on the test series listed in Table 2.7.

2.3.3.2.1. The Pasquill-Gifford system. The most common compilation of
o, and g, values are those presented by Gifford (1961). Gifford developed o,
and o, values representative of each stability class (sect. 2.3.2) as functions of
downwind distance (Figs. '2.12 and 2.13), often called the Pasquill-Gifford
(PG) curves. These curves can be approximated by the equations

o,(x) = (a, In x + ay)x (2.22)
and

1
2.15

o(x) = exp (by + b5 In x + b3 In? x) , (2.23)
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Figure 2.12. Horizontal dispersion coefficient as a function of downwind distance from
the source (Turner 1967).
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source (Turner 1967).
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the coefficients of which are specified 'in Table 2.8. Because of the origin of
the diffusion measurements used for their derivation, these functions are
strictly applicable for short-term (6-10 min) releases near ground level in
uniform terrain (low roughness length) out to distances less than 1 km. '
-Extrapolations of o, and o, values out to distances on the order of 100 km
have little basis in observation.

Generally, the Pasquill-Gifford curves of o, and o, provide reasonable
estimates of the magnitude of long-term concentrations from releases at. or
near ground level. The PG curves are at least appropriate for elevated releases
or releases in complex terrain. The slope of the o, curve for extremely unstable
conditions is questionable. Some modifications to the PG curves for specific
situations are discussed later.

2.3.3.2.2. The Klug system. In 1964, Klug reevaluated the available data
from major U.S. tracer test series and compared the results of the combined
test series Prairie Grass and Round Hill and the experiments of Hanford and
Idaho Falls with the Pasquill data (Klug 1964). Based on the evaluations of
the Prairie Grass experiments, Klug specified in a later study a system of dif-
fusion parameters (Klug 1969) that is suited for application to short-term
ground-level releases over terrain with a’ low surface roughness, in the same
way as the Pasquill system. In his comparison with the data of Pasquill and
Brookhaven National Laboratory, Klug does not exceed source distances of 2
or 3 km. In this range, the diffusion' parameters can be described by power
functions, suchas = .. ‘ o '

Coy(x) = pqu' . C (2.24)
and
o,(x) = p,x*", (2.25)

where x is the source distance and the coefficients p and g are specified in
Table 2.8. _

2.3.3.2.3. The Brookhaven system. The tracer experiments carried out at ~
Brookhaven have been evaluated by Singer and Smith (Singer et al. 1966). At
medium distances, the results are based on oil mist measurements; at longer
distances of up to 60 km, they are based on measurements of the “lAr concen-
tration distribution. Four types of diffusion are defined by the authors.

Classification is according to gustiness based on wind direction traces,
recorded by a Bendix Friez aerovane located 107 m above ground level. No
diffusion parameters are specified for the class of maximum gustiness, type A
(fluctuations of the wind exceeding 90 deg). The approximate assignment of
the diffusion parameters recommended for the remaining four classes that, in
the light of power functions according to Eqs. (2.24) and (2.25), are dependent
on the source distance x, is specified in Table 2.8. This table also shows the



Table 2.8. Diffusion coefTicients of the different systems of diffusion

parameters for all stability classes (Vogt 1977)

Diffusion Roughness
category A B C D E F category
a, -0.0234 ~0.0147 =0.0117 —0.0059 -0.0059 —0.0029
a, 0.3500 0.2480 0.1750 0.}080 0.0880 0.0540
Pasquill- by 0.8800 ~-0.9850 -1.1860 —1.3500 —2.8800  —3.8000 i
Gifford b, 0.1520 0.8200 0.8500 0.7930 1.2550 1.4150
b, 0.1475 0.0168 0.0045 0.0022 --0.0420 -0.0550
v v 1l m, ] 1
' Py 0.4690 0.3060 0,2300 0.2190 0.2370 0.2730
q, 0.9030 0.8850 0.8550 0.7640 0.6910 0.5940
Klug P 0.0170 0.0720 0.0760 0.1400 0.2170 0.2620 1
q, 1.3800 1.0210 0.8790 0.7270 0.6100 0.5000
B, B, C . D
Py 0.4000 0.3600 0.3200 0.3100
qy 09100 0.8600 0.7800° 0.7100
Brookhaven pP: 0.4110 0.3260 0.2230 0.0620 k)
q, 0.9070 0.8590 0.7760 0.7090
(B) {O) (D) (E)
Py 1.7000 1.4400 0.9100 1.0200
q, 0.7170 0.7100 0.7290 0.6480
St. Louwis P: 0.0790 0.1310 0.9100 0.9300 3-4
q; 1.2000 1.0460 0.7020 0.4650
A B [o} D E F
Py (0.8685) 0.8685 0.7184 0.6248 1.6910 5.3820
Julich? qy (0.8097) 0.8097 0.7837 0.7672 0.6211 0.5778
(50 m) P: (0.2222) 0.2222 0.2149 0.2048 0.1616° 0.1960 3-4
q: (0.9680) 0.9680 0.9438 0.9358 0.8094 0.6183
A B C D E F
Py 0.2294 0.2270 0.2236 0.2217 (1.6910) (5.3820)
Jiitich? [ 1.0032 0.9704 0.9380 0.9048 (0.6211) (0.5778)
(100 m) . P 0.0965 0.155) 0.2474 0.3980 (0.1616) (0.3960) 3-4
q 1.158) 1.0236 0.8900 * 0.7552 (0.8094) (0.6183) .
“A more recent set of diffusion p for cff release heigh

chapter.

of 50, 100, and 180 m is given in the appendit of this
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association between gustiness classes and diffusion categories determined by
Pasquill. Since the experiments at Brookhaven were carried out under condi-
tions typical for the release of pollutants from industrial plants (the tracer was
released, as a rule, at a height of 108 m, with emission periods of ~1 h, and
its dispersion was measured over terrain of medium roughneéss), the results
should be applicable in many practical instances.

2.3.3.2.4. St. Louis system. In evaluating the tracer test series carried out
at St. Louis, McElroy and Pooler used the common Gaussian model for the 26
experiments carried out during daytime. A simpler box model was used in view
of the limited data material for the more stable meteorological conditions dur-
ing the 12 experiments carried out in the evening. In doing so, it was assumed
that the vertical profiles of wind velocity and tracer concentration were signifi-
cantly interrelated (McElroy et al. 1968). When summing up the results, trial
classifications were carried out according to the Pasquill-Turner diffusion cate-
gories, to modified Brookhaven gustiness classes, and to a combination of hori-
zontal wind direction fluctuations as a criterion of the horizontal turbulence
component and .the Richardson number as a criterion of the vertical stability
(see Table 2.2). The St. Louis experiments likewise revealed source distance
dependence of the diffusion parameters representable as power functions within
the entire measuring range of up to 16 km. The coefficients specified in Table -
2.8 reflect the last-mentioned classification. (horizontal wind fluctuations and
Richardson number), which, according to the authors, is the best way of sum-
marizing the test results obtained. The four diffusion categories have not been

" designated by McElroy and Pooler. The. classification made in Table 2.8 can

be substantiated by the meteorological conditions specified in McElroy et al.
(1968). In this connection, account had to be taken of both the metropolitan
site and the statement that neither low wind conditions nor extremely high

_wind velocities occurred during the experiments. Since the experiments were

carried out over the relatively flat area of metropolitan St. Louis, with emis-
sion taking place near ground level and the emission duration being 1 h, it is to
be expected that the resulting diffusion parameters are applicable to diffusion
calculations for metropolitan sites and, possibly, other sites of extreme surface
roughness.®

2.3.3.2.5. The Julich system. The tracer experiments carried out in the
vicinity of the Julich Nuclear Research Center at emission heights of 50 and
100 m and during emission periods of 1 h have been evaluated separately
according to the above emission levels. The diffusion categories during experi-
mentation were determined by three alternative systems (Table 2.3). To clas-
sify the stability classes, the most probable diffusion category resuiting from
the three alternative methods was taken.

*See also Briggs (1973).
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The experiments are carried out up to a source distance of 11 km. The
source distance dependence of the diffusion parameters, again, is described by
power functions, the coefficients of which are listed separately in Table 2.8 for
emission levels of 50 and 100 m.

For these two emission levels, substantial differences have been found: the
-diffusion parameters are smaller-at the 100-m level than at the 50-m level for
all diffusion categories, chiefly governed by mechanical turbulence, because the

- impact of the turbulence caused by obstacles on the ground is reduced with
increase in-height. Only in the case of highly unstable strata are the diffusion
parameters, as anticipated, higher at the 100-m level, since the turbulence
component resulting from thermal convection is more developed at longer dis-
tances from the ground boundary layer. Since the mechanical turbulence
caused by surface roughness reaches its maximum at high wind velocities,
there is a maximum increase in diffusion parameters for diffusion categories D
and C as compared with those of low roughness (Pasquill 1974; Klug 1969),
causing the o, values for diffusion categories C and D at an emission height of
50 m to approach the values of category B. Although parts of the experiments
were carried out chiefly over arable land (medium surface roughness) and oth-
ers chiefly over woodland (higher surface roughness), these differences in
roughness did not result in significant differences with regard to the diffusion
parameters. This may be attributed to the fact that the dispersion is not
decisively governed by the local roughness conditions, but by the mean rough-
ness lengths over extended entrance regions and diffusion distances. Consider-
ing the experimental conditions, the diffusion parameters measured in Jilich
should be applicable 1o sites with medium to higher surface roughness, which
is due to settlements, vegetation, and other ground obstacles (Table 2.8).

2.4 PRACTICAL APPLICATION OF
THE GAUSSIAN PLUME MODEL
IN THE CASE OF ROUTINE RELEASES

2.4.1 Normalized Time-Integrated Air Concentration

An important quantity in practical dose evaluations is the dose equivalent
H. Apart from a few exceptions, the dose equivalent is directly proportional to
- the time-integral of the activity concentration, being calculated over the entire
period of exposure:

4 . .
Ha J; ¥(x,y,0) dt . (2.26)

In the case of routine releases, the exposure periods of interest are days,
weeks, months, or years.
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Basically, the calculation of the time-integrated activity concentration x. is
quite simple. However, it poses initial problems insofar as the prerequisite of
stationary turbulence required for the computation of ¥ does not apply to the
entire duration of release or exposure, respectively. For this reason, the release
duration is broken into individual duration intervals At¢, in which the station-
ary condition is fulfilled. Then the contributions of the individual duration
intervals are superimposed to obtain the total contribution.

By additional identification of each state of turbulence in the duration
interval At, by means of the wind direction ¢, (note: usual U.S. -convention for
horizontal wind direction is §) wind velocity of the velocity level k, and diffu-
sion -category j, which is sufficiently accurate for practical calculations, the
time-integrated activity concentration in the wind direction ¢ may be calcu-
lated as follows:

' , (2.27)
Xoe = [V dt =3 ¥y - T By,
0 Jjk v
2 Yo - X Bty - A
Jjk v

2 Oty
ojkv

—

= 2 Pojk - Yok - AL
ik

=¥, - A,

in which ?¢ is the frequency of the joint occurrence of a certain combination
jk in the direction ¢ related to all of the combinations ¢jk. For easier appli-
cation, the wind rose is divided into n sectors of equal size. If the wind
direction ¢ denotes the direction of the angle-bisecting line of a sector i, as
shown in Fig. 2.14, '

ORNL-DWG 82-12351R°

Fig. 2.14. Sector I of the wind rose (dispersal sectors).
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and if it is assumed that all effluent plumes falling into this sector coincide
with the direction of the bisector, the following equation is valid:

xi = VAt , (2.28)

where

+c

n (2.29)
= re — y d .
‘Pl _,zk Pijk Y- _J;o ‘Iléjk(x’y 0) 'y

In connection with the relative frequency p and based on the assumptions -
made before, the direction ¢ has been replaced by the index of the dispersion
sector i.* ]

Taking into account the basic equation (2.8), the following is now
obtained for the time-integrated activity concentration:

n _cxp[—H’-/(Zaij(x))i (2.'30)
(21!'3)”;4-ij' azj(x) )

xi(x,0) = QAt 3 pix
Jk

For convenience, we divide both sides of Eq (2.30) by Q QAt. This leads
to the so-called x/Q-value, :

Xi n exp[ — Hz/(2rr§,(x))] (2.31)
—Q_ = zpijk
Jjk

(21!'3)szajk ‘ Uzj(x)

which we will refer to in the following as long-term dispersion factor. This
factor is usually applied to evaluate the radiation exposure in the case of sub-
mersion in an electron-emitting cloud and inhalaton due to routine releases.
The parameter p;;; represents three-dimensional dispersion meteorological
statistics for the joint occurrence of wind in direction of sector i, atmospheric
stability in class j, and wind speed in class k. It is known for most applications.

For n = 16, and a particular sector i, where p;jz = nu/N, and i,
being the representative wind speed in class k, Eq. (2.31) can be expressed in
the form used by the NRC in Regulatory Guide 1.111:

X _ -1 _ H? (2.32)
0 2032122 [x b7y 0,,] exp[ 205;" R

*Note that 3, pijx = 1
ijk
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In this equation, nj is the length of time (in hours) of the joint occurrence of
a particular wind direction, wind speed class k, and atmospheric stability class
J» and N is equal to the total hours of data.

Figure 2.15 shows the source distance dependence of the long-term dis-
persion factor x/Q integrated over all wind directions for various diffusion
parameter systems. It demonstrates that the height and source proximity of the
maxima corresponds to the influence of surface roughness, which decreases
from the metropolitan site of St. Louis to Julich (where at a height of 50 m
the surface roughness has a stronger effect than at a height of 100 m) and
Brookhaven, and to the conditions of the Prairie Grass experiments, which are
reflected specifically in the Klug system.

The systems of Brookhaven, Pasquill-Gifford, and Klug involve very flat
maxima with partly pronounced secondary maxima. The Jillich measurements
show that the environmental exposure is overestimated by a factor of 1.7 if it
is calculated for a release height of 100 m with the diffusion parameters mea-
sured at a 50-m release height instead of using the values ascertained at the
100-m level. .

This comparison shows that it is very important to use a diffusion parame-

_ter system measured under boundary conditions comparable to those prevailing
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all wind directions for a release height of 100 m as a function of source distance for
different diffusion parameter systems (calculated with the meteorological statistics of
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2-38 Radiological Assessment

at the site under consideration. This applies not only to the surface roughness,
but also to the release heights.

It was mentioned in Sect. 2.3.1.6 that the radioactive decay and deposition
of nuclides on the ground during transport can be taken into account via the
solution of Eq. (2.18). Considering the dispersion of the waste air plume up to
a source distance of approximately 10 km, the plume depletion due to ground
deposits can usually be neglected. In the case of short-lived radionuclides only,
Egs. (2.31) or (2.32) have to be multiplied by the following depletion factor

fi{x) = exp —)‘,_i-] , (2.33a)
ujk
or
Silx) = 'exp[—x,_i] , (2.33b)
N
respectively.

Illustrative Example

Evaluate the x/Q value according to Eq. (2.31) for a source distance of
1000 m in sector { = 3, diffusion category j = 3 (D), and wind velocity class
k = 9. For this purpose there are several tables in the appendix of this chap-
ter. : :

In Table A we find the coefficients for the diffusion parameter o, (x).If we
assume an effective release height of 100 m, we get

s

o.3(x) = p.3x™ = 0.265 . 1000°8'8 = 754 m .

In order to calculate the representative wind vclbcity Ejk, we make use of Eq.
(2.14);

m . 0.28
z = Hi" 100
U39 = ui(zo) . [20] = Y9 knots - 0.5 —Ir(n—r-l% . [T]

= 857 m/s,
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where

Zo is the height of the anemometer (here 10 m), and

m; is the exponent of the vertical wind profile, taken from
Table E in the appendix of this chapter.

Now, assuming no radioactive depletion, x/Q becomes

16 100
222 = (1.06-107)) [ l 2]
Q V21 - 1000 - 8.57 - 75.4 75.4

= 8.03 X 1078 s/m® (P339 = 1.06 X 1072 from Appendix Table B) .

If we evaluate the x/Q values in the way shown in the example for 16 dis-
persion .sectors of 22.5° and the corresponding combinations jk, based on the
meteorological data listed in Table B of the appendix of this chapter, a matrix
of long-term .dispersion factors can be obtained. Such a matrix is shown in
Tables 2.9 and 2.10. It can also be illustrated by a couple of isopleths in the
vicinity of the source, as depicted in Fig. 2.16.

2.4.1.1 Modiﬁ'cations ol' the i)iﬂ'usion Para’metérs

For specific dispersion situations not covered by the common diffusion
parameter systems, a number of modifications have been developed on the
basis of the original PG curves. :

Where diffusion is enhanced in areas of increased surface roughness and
complexity, diffusion is likewise generally inhibited by flow over smooth sur-
faces such as water. Dispersion experiments over cold water (Michael 1974)
indicated that g, over water could be about a factor of two less than the o,
predicted using the standard PG curve for “F™ stability at a distance of 6 km.
An approach for estimating reduced atmospheric diffusion for long over-water
fetches is to assume that the rate of diffusion over water is similar to that
obtained by a reduction of one or two PG stability classes for similar meteoro-
logical conditions over land. However, estimates of diffusion over water are
dependent on the temperature difference between the air and water surface, '
and the distancé of over-water fetch. Diffusion may be enhanced by air flow
over a relatively warm body of water because of the destabilizing effect of
heating -the air from below. The transition from over-land characteristics to
over-water characteristics is not immediate, and significant travel over water
may be required for such a transition to occur.



Table 2.9. Matrix of the long-term-dispersion factor*® (x /Q) in
s/m> as a function of source distance and wind direction (direction
of impact) for a 16-sector wind rose and meteorological data of the site of
the Julich Nuclear Research Center (Federal Republic of Germany), release height: 100 m

Source Sectors
distance East South
(m) 1 2 3 4 5 ‘ 6 7 8
1.00E+01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.51E+01 0.0 0.0 0.0’ 0.0 © 0.0 0.0 0.0 0.0
6.31E+01 3.71E-22 S.98E—22 9.74E—22 1.80E—21 1.00E—21 9.90E—22 1.32E—21 1.46E—21
1.00E+02 5.64E—12 9.10E—12 1.48F—11 2.75E—11 1.52E—11 1.SIE—11 201E—-11 2.23E-11

1.58E+02 2.88E—09 4.63E—09 7.58E—09 1.40E—08 1.79E—09 71.710E-09 1.02E—08 1.13E—08
3.98E+02 3.19E—-08 6.84E—08 1.10E—07 1.40E—-07 8.60E—08 7.32E—08 6.53E—08 5.49E—08
1.00E+03 S.21E—08 1.38E-07 1.74E—07 1.55E—-07 9.40E—08 6.49E—08 S.10E—-08 3.63E—08
2.51E+03 2.47E-08 5.67TE—08 6.72E—08 S.98E—08 3.57E-08 2.44E—08 1.98E—08 1.43E-08
6.31E+03 9.02E—09 1.61E—08 1.83E—08 1.73E—-08 1.0tE—08 7.23E—09 6.13E—-09 4.92E—-09
1.58E+04 3.46E—09 4.74E-09 S.12E—09 5.24E—-09 2.93E-09 2.24E-09 1.96E—09 1.81E—-09
3.98E+04 1.12E—09 1.33E—09 1.39E—-09 1.50E—~09 8.15E—10 6.49E—10 5.76E—10 5.17E-10
1.00E+05 3.A5E—10 3.46E—10 3.56E—10 3.94E—10 2.1HE—-10 LL712E—10 1.54E—10 1.61E—10

“The x/Q values have been calculated with o values, valid for 100-m release height, according to Table A in the appendix of this
chapter.

*The x/Q values represent long-term averages over about 8 years (69,774 single values).
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Table 2.10. Matrix of the long-term-dispersion factor*® (*x/Q) in
s/ml as a function of source distance and wind direction (direction
of impact) for a 16-sector wind rose and meteorological data of the site of
the Julich Nuclear Research Center (Federal Republic of Germany), release height: 100 m
Source Sectors
distance West North
" (m) 9 10 n 12 13 14 15 . 16
1.LOOE+01 00 0.0 00 - 00" 00 0.0 0.0 0.0
2.51E+01 0.0 ) 0.0 0.0 0.0 0.0 : 0.0 0.0 0.0

631E+01 1.49E—21 9.23E—22 S.67TE—22 9.14E-22 6.93JE—22 4.80E—22 4.32E—22 3.24E-22
1.00E+02 227E-11 1.40E—11 8.62E—12 1.39E—11 1.0SE—11 1.31E—12 6.58E—12 493E—-12
1.58E+02 1.ISE—08 T.13E—-09 ° 4.40E—09 7.09E—09  5.37E-—-09 JINE-09 3I33E—09 2.51E—09
3.98E+02 6.85E—08 447E—08 J.713E-08 6.45E—08 5.52E—-08 2.87E—08 2.13E-08 2.62E—08
1.00E+03 4.85E—08 4.14E—08 3.30E—08 7.44E—08 7.86E—08 3. 74E—-08 3.09E—-08 3.85E—-08
2.51E+03 1.88E—08 1.82E—08 1.47E—08 3.23E—-08 - 171E-08 1.97E—08 1.59E—08 1.88E—08
631E+03 5.90E—-09 5.98E—09 5.08E—09 1.07E—08 1.37E—-08  9.48E—09 1.30E—-09 1.67TE—09
1.58E+04 1.90E—09 1.95E—09 1.712E—09 3.66E—09 5.29E—09 4.54E—09 J4IE—-09 3.25E-09
3.98E+04 5.61E—10 STIE—-10  S.22E—10 ‘1.12E—09 1.72E—09 1.61E—09 1.20E—09 1.I0E—09
1.00E+05 1.50E—10 1.55E—10 1.42E—10 8.0SE—10 482E—10 4.71E-10 3.50E—10 3.16E—10

“The x/Q values have been calculated with o values, valid for 100-m release height, according to Table A in the appendix of this
chapter. '

*The x/Q values represent long-term averages over about 8 years (69,774 sinéle values).
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Figure 2.16. Isopleths of the long-tcrm-dispersi'on factor, calculated for a release height
of 100 m and o-values determined for Jilich according to Table 2.8. Radioactive
depletion was not taken into account (Brenk 1978). ’

Another terrain feature where the ¢, and o, values are likely significantly
different than the standard values is a desert.” Because of the relatively smooth
surface and pronounced surface effects on temperature lapse rate (e.g., more
radiational cooling at night resulting in strong temperature inversions), o,
values are generally lower over deserts. However, plume meandering tends to
increase o, values over deserts.

Irregular terrain also affects diffusion and the applicability of standard dif-
fusion parameter sets, e.g., as compiled in Table 2.8. Each complex terrain
situation is different, although diffusion overall is most probably enhanced.
However, flow over and around obstructions should be examined for decreases
in plume height relative to the ground surface or for physical restrictions to
plume spread (e.g., valley or canyon walls).

Other adjustments to ¢, and o, to consider the effects of nearby buildings
or to consider enhanced diffusion during low-wind-speed conditions have ben
incorporated into the basic Gaussian diffusion formula. One of the earliest
additions to the Gaussian diffusion model was an adjustment to estimate
increased diffusion around buildings. A turbulent “wake” is formed downwind
of a structure (see Figs. 2.17 and 2.18). Material released at or nearby the
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Figure 2.17. Flow over center of a long, flat building roof for wind perpendicufar to the
upwind face. (Wilson 1979). ’
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building will most likely be entrained into the wake, thereby enhancing diffu-
sion. The most common form of the Gaussian model to consider the effect of
building wakes for short-term plume centerline calculations is

0 = lmayo, + cA)a]™", o (234)

where

A = cross-sectional area of the building normal to the flow, and

¢ = “shape factor” to represent the fraction of A4 over which the
plume is dispersed; ¢ = 0.5 is a conservative value which is
commonly used. :

Using this equation to represent conditions at short distances from the build-
ings leads to unrealistically large diffusion because of the magnitude of cross-

sectional area completely overwhelms small values of o, and o, Therefore, the -

NRC has limited the effect of buildings of no more than one-third of the diffu-
sion expected without the building for short-term . centerline calculations. For
calculations of the building wake effect for long sampling times, the adjust-
ment is made only to g, (because diffusion is assumed to be uniform in the
horizontal over the sector of interest) in the form '

Ez = [622 + 2

where

Zz = the adjusted vertical diffusion parameter, and
D building height.

I

Again, the NRC limits the building effect such that.Eq. (2.35) is no more
than V3o,. )

Diffusion during low-wind-speed, stable conditions has been observed to
exceed that predicted using the standard values of ¢, and o, Using diffusion
experiments which were designed to estimate the enhanced horizontal diffusion
for ground-level releases, the NRC has formulated adjustments to g, as func-
tions of stability class and wind speed. This enhancement of o, is limited to
hourly average calculations. NRC Regulatory Guide 1.145 contains the
methodology for this adjustment (Snell, 1981) and supplies supporting infor-
mation about the approach.

w_D’]_” (235)
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2.4.1.2 Release Height Modifications

The distinction between releases considered as ground-level and those con-
sidered as elevated is somewhat ill-defined. A common approach is to assume
an elevated release when the release point is 2.5 times the height of nearby
structures. Another common approach is to assume a ground-level release
when the release point is below the height of the building. Releases from points
at the tops of buildings tend to escape the building wake under certain condi-
tions; become completely entrained into the building wake under certain condi-
tions; or behave as mixtures of these two types for the remaining conditions. A
critical determination in calculating ground-level concentrations from clevated
or partially elevated releases is the plume rise of the effluent being ejected.
The amount of plume rise determines the “effective stack height” for use in
calculating ground-level concentrations. In all of the equations presented herein
for calculating concentrations, the parameter H is the effective height of the
plume. Plume rise may increase the effective stack height by appreciable fac-
tors (2 to 10) which may reduce ground-level concentrations by factors up
to 100. Plume rise may be due either to momentum, bouyancy, or a combina-
tion. Briggs (1975) has summarized available plume rise models. For most
plumes, early rise is probably domiriated by momentum. Most nuclear facilities
do not generate enough heat to make bouyancy a significant factor in plume
rise. Generally, the determination of effective stack height is affected by the
-physical height of the stack, plume rise, downwash during relatively high wind
speeds, and consideration of terrain _feature's.-Plume rise due to momentum is a
complex function of the exit velocity, atmospheric stability, and wind speed. -
The determination of the effective height of release is generally presented in
the form '

H=h +hy, —h —c,

where
H = effective stack height,
h, = physical stack height,
hgp, = plume rise,

h, = height of terrain, and
downwash correction (due to high wind speeds relative to
effluent exit velocity). .

o
It

2.4.1.3 Treatment of Calms

As mentioned already in Sect. 2.3.1.5, the Gaussian plume model is not
strictly applicable when the wind speed & approaches zero, e.g., in
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Eq. (2.31).. Obviously the equations with u in the denominator are not valid
when u = 0. Seldom is the atmosphere truly motionless; however, wind speed
often cannot be measured because it is below that required to initiate instru-
ment response. This condition, when wind speed is below the starting or thresh-
old speed of the anemometer, is called “calm.” An approach for estimating a
mean wind speed for calm conditions is to assume that u is equal to one-half
the starting threshold of the anemometer. This approach is most appropriate
when a relatively - sensitive anemometer (i.e., starting threshold of about
0.5 m/s) is in use. Another approach is to assign the arbitrarily low wind
speed, such as 0.1 m/s, to calm conditions. When less sensitive anemometers
(i.e., starting thresholds on the order of 1-2 m/s) arc used, both the starting
threshold and frequency of calm conditions should be examined to determine a
representative wind speed for calm conditions.

- Another difficulty is the assignment of wind direction during calm condi-
tions. An approach to distribute calms by wind direction using an annual joint
frequency is to distribute calms in proportion to the directional distribution in
the lowest non-calm wind speed class for a particular atmospheric stability
class. This approach assumes that no pronounced directional bias exists for all
low wind speed conditions in a- particular stability class. Assigning wind
direction for short-term calm conditions may be accomplished by assuming the
.last available non-calm wind direction measurement is valid during the period
of calm. If the calm condition persists for a number of hours, then wind direc-
tion could be assumed to vary from- the last non-calm direction to the next
non-calm direction. However, this approach is completely subjective and
requires some understanding of local meteorological and topographical condi-
tions.

2.4.1.4 Treatment of Non-Straight-Line Airflows

The simple model described in this chapter assumes straight-line airflow
between the source and the receptor. This assumption is most valid near the
source, although this validity may vary considerably among sites. Thus, the
applicability of the straight-line airflow assumption must be considered for
each site. For example, an effluent released in a well-defined river valley will
most likely follow the confines of the valley rather than remain in a straight-
line trajectory. A number of variable-trajectory models are available to con-
sider spatial and temporal variations in airflow. These models track individual
puffs of plume segments over appropriate time intervals (c.g., a puff of plume
segment released every 30 minutes). Individual elements are followed until
they are transported beyond the area of interest or until their concentration is
too low to be a significant contributor to the concentration at a particular
receptor. Sometimes the results of a variable-trajectory model are compared to
the results of the straight-line model to determine adjustments to the straight-
line model to approximate the effects of spatial and temporal variations in air-
flow. USNRC Regulatory Guide 1.111 provides additional information for
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consideration of spatial and temporal variations in airflow in the vicinity of
nuclear power plants.

2.4.1.5 Mixing Height

For assessments of atmospheric diffusion out to large distances from the
sources, the depth of the mixing layer is an important concern. The mixing
layer is the atmospheric layer (based at the ground surface) in which effluents
can continue to diffuse in the vertical direction. Often, a temperature inversion
aloft will act as a “boundary™ to continued vertical diffusion. The rate of diffu-
sion across the “boundary” is small compared to the rate of diffusion within
the mixing layer. The height of the mixing layer is called the mixing height.
After an effluent plume diffuses to the mixing height, the concentration distri-
bution in the vertical will become more uniform. Mixing heights change diur-
nally and seasonally, generally being largest on summer afternoons and least
on autumn mornings. Mixing heights also vary considerably by geographic
location. Holzworth (1972) has published extensive summaries of mixing
height information for the United States.

2.4.2 Normalized Time- and Volume-Integrated Air Concentration

Photon radiation is not attenuated appreciably by air. For example, the
intensity of typical photon rays (~0.7 MeV) is reduced to one-half its initial
value at distances on theé order of 100 m. A point of interest-may experience
significant photon radiation from an effluent plume although the point may be
well outside of the plume. For dose estimations it is necessary, therefore, to
consider the radiation contribution of the total plume. Thus, the exposure
caused by photon radiation is directly proportional to the time- and volume-
integrated photon flux in the plume (Chapter 8). For the geometry given in
Fig. 2.19, this results in

y - .. 2.36
Hocfl‘l'(x,y,Z)-e:' - Blur) dv dt , (2.36)
0 V) r

with ¥ taken from Eq. (2.8) and

r=~Nx-2+ 0 -+ - O

It has often been critically noted in the literature (see Hoffman et al. 1978)
that the dose contributions to sectors adjacent to the downwind sector are not
included in the calculations, especially near the point of release. :

In this case, however, we do take into account the dose contributions of the
adjacent sectors. Following a procedure analogous to that in Sect. 2.4.1 and
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Figure 2.19. Georﬂetry for photon exposure from the plume.
dividing the result by the source strength, Q, we get the term x,; which will
be referred to in the following as the gamma-submersion factor. ‘
1 . ‘
X _ o Ji, ’ (2.37) |
o jk o Wik ’
6
Py + Rij + pojx - R1 + Z (poe + pu)RY
k=2
with
| i+ 6,i <6
Pl i-6i>6
*
i+« — 1,i + x <13
v = .
i+ x — 13,i + « > 13 -
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i= =1 —-ic<l

PRl -+ 13— 21
and
mexp[—(z— )2/(2a,,(x))] (2.38)
© B(ur) x dy d
(”f (27r)3ﬂxa’,,(x) y az
Ro= [ % L B ewar,. = 23
P o2®0 :

The derivation of Eq. (2.37) is explained in more detail in (Brenk 1978; or
Rohloff et al. 1979). In the latter reference the reader will also find a dis-
cussion of the energy-dependence of Rj; and R,, as well as the manner of the
numerical evaluation of these terms. More recent, improved numerical evalua-
tions of R,; and R, are explained (Rohloff 1981). :

For the meteorological data of Julich, the gamma submersion factor is
depicted in Fig. 2.20 as a function of downwind distance and release height. In
Fig. 2.21, it is given in the form of isopleths within an area of 100 km?2. More-
over, in Tables 2.11 and 2.12, the gamma submersion factor is listed for all 16
sectors of the wind rose up'to a source distance of 100 km.

When the plume spread is large compared to the mean free path of pho-
tons in air, the plume can be treated like a semi-infinite cloud (excluding
ground shine). For these cases the dose is directly proportional to the long-
term dispersion factor, x/Q (see Chapter 8).

But if the receptor or the point of interest is not submersed in a semi-
infinite cloud, volume integrations as shown above are always needed. A sim-
plification of the integration procedure based on Pasquill-Gifford diffusion
parameters is presented by Healy in Slade (1968).

2.4.3 Normalized Ground Contamination

The radiation exposure caused by photon and electron irradiation from the
ground as well as ingestion of contaminated food is strongly governed by dry
and wet deposition of radioactive aerosols, gases, and vapors. These two
processes may be essentially attributed to two meteorological effects known as
fallout and in-cloud (rainout) and below-cloud (washout) scavenging (Slade
1968). Because it is not always possible to distinguish between washout and
rainout (e.g., for convective storms) we simply refer to both processes in the
following as washout.
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Figure 2.20. Gamma submersion factor for the main wind direction as a function of
source distance and effective release height. The curves are valid for the side of the
Jiillich Nuclear Research Center, Germany (Brenk 1978). They have been calculated
for o-values (Jiilich, 100 m) according to Table 2.8.

2.4.3.1 Dry Deposition

According to Chamberlain (1953), the ground contamination due to dry
deposition (fallout processes) is nearly proportional to the activity concentra-
tion in air near ground, where the proportionality constant is the so-called dep-
osition velocity, v,. Thus, the normalized ground contamination (referred to in
the following as long-term fallout factor) can be estimated by

Xi (2.40)
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Figure 2.21. Isopleths of the gamma submersion factor calculated for'the Julich mete-

-orological data without radioactive plume depletion. The effective release height is -

100 m. The isopleths have been calculated for g-values (Julich, 100 m), according to
Table 2.8 (Brenk 1978). ’

The deposition velocity is usually determined experimentally by measuring x at
a standard height, usually 1 m, and F for each isotope over various ground
covers. Experimentally determined deposition velocities are also a function of
wind velocity because the vertical profile of concentration changes with wind
velocity. Thus, the deposition velocity is not constant even for specific
effluents. The variations in boundary conditions, such as sorption
characteristics and roughness of the underlying surface, and variations in the
wind velocity for a given chemical composition of effluent, can cause the depo-
sition velocity to vary by more than one order of magnitude in different experi-
ments (see Chapter 11). It should be realized, however, that these deposition
velocities are derived from relatively short-term (in the order of one hour)
experiments and thus vary more than their long-term averages which are
expected to be the proper values to estimate long-term deposition.

For effluents from nuclear facilities the following best estimates of the
deposition velocity, based on experimental data may be adequate: 1072 m/s for
elemental iodine, 10™* m/s for organic iodine, and 10~ m/s for aerosols (= 1
u in diameter).



Table 2.11. Matrix of gamma-submersion factors>® for 16 sectors of the wind rose
(sectors of impact) as a function of source distance

Values are valid for the site of the Jiilich Nuclear Research Center,
(Federal Republic of Germany)

Source Sectors
distance East South
(m) 1 2 3 4 5 6 7 8

1.00E+01 1.65E—03 1.65E—03 165E—03 165E—03 1.64E—03 1.63E—03 1.62E—03 1.61E—03
2.51E+01 1.65E—03 1.66E—03 1.67E—03 1.66E—-03 1.64E—03 1.61E—03 158E—03 1.55E—03
6.31E4+01 1.53E—03 1.59E—03 1.61E—-03 159E—03 1.53E—03 146E—03 139E—03 1.33E—-03
1.00E+02 1.35E—03 144E—03 149E—03 146E—03 137E—-03 1.26E—03 1.16E—03 1.10E—03
1.S9E4+02 1.07E—03 1.20E—03 127E—03 1.24E—03 1.11E-03 9.79E—04 8.68E—04 8.03E—04
398E+02 4.69E—04 6.39E—04 7.30E—04 6.89E—04 5SS0E—04 4.29E—04 3ISIE—04 3.08E—04
1.00E+03 1.6JE—04 284E—04 336E—04 299E—04 209E—04 148E—04 1.17TE—~04 9.68E—05
2.51E+03 5.57E—05 1.04E—04 1.21E—04 1.06E—04 6.87E—05 4.74E—05 3.86E—05 3.07E—-05
6.31E+03 1.86E—05 321E—05 361E—05 3.20E—05 206E—05 144E—05 1.20E—05 9.68E—06
1.59E4+04 591E—06 B89SE—06 9.78E—06 8.85E~06 S.80E—06 4.14dE—06 3.56E—06 2.96E—06
398E+04 1.76E—06 2.38E—06 2.54E—06 233E—06 1.57E—06 1.14E—06 1.00E—06 8.61E—07
1.00E+05 4.84E—07 6.05SE—07 6.38E—07 591E—07 4.07E—07 294E—07 266E—07 2.34E—07

°The x,/Q values have been evaluated with ¢ values, valid for l00 m release height, according to Table A in the
appendix of this chapter.
*The x,/Q values represent long-term averages over about 8 years (69 744 single values).
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Table 2.12. Matrix of gamma-submersion factors®® for 16 sectors of the wind rose
(sectors of impact) as a function of source distance.
The values are valid for the site of the Jiilich Nuclear Research Center,
(Federal Republic of Germany)
Source Sectors
distance West North
(m) 9 10 11 12 13 14 15 16

1.00E4+01 1.60E—03 1.60E—03 1.60E—03 1.60E—03 1.6IE—03 1.62E—03 1.63E—03 1.64E—03
251E4+01 1.54E—03 153E—03 1.53E—03 1.54E—03 1.56E—03 1.58E—03 1.60E—03 1.62E—03
6.31E+01 1.30E—03 1.30E—-03 1.32E—03 1.34E-03 * 1.37E—03 140E—03 143E—03 148E—03
1.00E+02- 1.07E—03 1.07E—03 1.10E—-03 1.14E—03 1.18E—03 1.20E—03 1.22E—03 1.27E—03
1.59E+02 7.76E—04 783E—04 8.23E—04 8.86E—04 9.23E—04 9.22E—04 9.20E—04 9.67E—04
3.98E+02 . 3.04E—04 3.07E—04 334E—04 4.20E—04 4.56E—04 4.0S5E—04 3.68E—04 3.85E—04
1.00E4+03 1.05E—04 10SE—04 1.07E—04 1. 74E—04 2.00E—04 1.48E—04 1.2dE—04 1.29E—04
2.51E+03 3.56E—05 3.59E—05 3.40E—05 641E—05 7.68E—05 537E—05 4.50E—05 4.64E—05
6.31IE403 LI13E—-05 1.16E—05 1.12E—05 2.12E—05 2.64E—05 195E—05 1.66E—05 1.65E—05
1.59E4+04 338E—06 3.49E—06 3.57TE—06 6.53E—06 8.32E—06 6.73E—06 S8IE—06 S5.57TE—06
398E+04 9.56E—07 9.84E—07 1.06E—06 188E—06 246E—06. 2.14E—06 186E—06 1.73E—06
1.00E4+05 2.55E—07 2.58E—07 288E—07 6.83E—07 6.23E—07 S.40E—07 4.89E—07

5.07E—07

“The x,/Q-values have been evaluated with o-values, valid for-100 m release height, according to Table A in the
appendix of this chapter. ) _ '
*The x./Q-values represent long-term averages over about 8 years (69,744 single values).
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INustrative Example

Evaluate the contamination C of the ground in sector 4 (east) 1000 m
downwind of the source, due to dry deposition, if elemental '*'I and *¥’Cs are
released from a 100-m stack. Q may be 10° Bq (2.7 X 1072 Ci) for each
radionuclide.

i

C,' = Vg[‘é

For a downwind distance of 1000 m, we find the x/Q value in Table 2.9.

X

= 1.55 - 10~7 s/m?
Q / -

4

In the case of elemental '*'I, the contamination results in

C. = 10~2m/s - 1.55 - 1077 s/m® - 10° Bq

= 1:55 Bq/m? (41.9 pCi/m?) .

Cesium-137 is assumed to form aerosols. Thus, in the case of cesium release,
we get .

€, = 107m/s - 1.55 - 1077 s/m® - 10° Bq

= 0.155 Bg/m? (0.419 pCi/m?) .

[End of Example]

2.4.3.2 Wet Deposition

According to Englemann' (1970), the washout contamination of the
ground from a radioactively contaminated plume with an average activity con-
centration ' '

v = ¥(x,y,z) dz (2.41)

o— 8

1
L
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is given by*
W= ol¥ , (2.42)

where w is the washout ratio and / is the precipitation intensity. With respect
to the experimental determination of w (most of them have been derived from
measurement periods in the order of months, seasons, or even one year) [see
Gatz (1972, 1974, 1975) or Brenk (1981)], it has a time integral character,
and thus may be preferably used for the estimation of the consequences of
long-term releases.

Thus, starting from the time integral of the activity concentration in air
and evaluating the long-term sector mean value (see derivation of the long-
term dispersion factor), we get the mormalized wet ground deposition W/Q
which we will refer to in the following as long-term washout factor.

LA }”}’ ol xulxya) o 43)
o kI Ukt 2s S LJ' Q
“With
) Xjk(x,)’,z) = ] exp - )’2
- Q 27r;jka'yja',j ; 20’3; 4
el L ory2
« exp|~Z=H2] + exp[_ (z + H) I ’ (2.44)
20'3 0‘2}'
we obtain
i n w Iy (2.45)
o5 = Zex 2 ik I :
Q TX jkl ujk j

For the evaluation of this formula, a four-dimensional joint frequency distribu-

- tion of wind direction i, diffusion category j, wind velocity class k, and precipi-

tation intensity class, ¢, is required, which is not known for the majority of
sites. ’

For this reason, a simplified practical approximation of Eq. (2.45), for
which only a precipitation wind rose N; is required, may be used. This precipi-
tation wind rose supplies a frequency distribution of the annual precipitation

*The product w - [ is also known as wet deposition velocity.
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contribution in mm/yr connected with the wind direction i during the rainfall
periods. Such precipitation wind roses may be more easily supplied by the
National Weather Service than the four-dimensional frequency distributions.

In order to formulate such a practical approximation, we make use of the
simplifications in Eqs. (2.46), (2.47), and (2.48).

Qijkt = Qi Pjk - (2.46)

Equation (2.46) means that the statistical correlation between wind direction
and precipitation, on the one hand, and diffusion category and wind velocity,
on the other hand, is negligible. Moreover, Eq. (2.46) implies that the combi-
nation diffusion category and wind velocity is the same for both rainfall and
all meteorological situations including rainfall penods

Further simplifications are:

u = 2 Pik * Yiks P = 2 Pijk (2.47)
Jjk )

ie., the actual representative wind velocity.ujk (Sect. 2.3.1.4) in Eq. (2.42) ca|.1

be replaced by the long-term average value u.

[=—>=~ .. '  (2.48)
2_ q,(1/Ly)
y ;

i.e., the vertical mixing layer L;, depending on the diffusion category J, can be
replaced by a mean value L. In Eq. (2.48), g; is the frequency distribution of
the diffusion categories j correlated with rain.

Making use of these simplifications, Eq. (2.45) results in the following
long-term washout factor:

: N, ‘
il an 20 x>200m, (2.49)
o 2rx ul

where « is a conversion constant,

m - yr

a =317 107" = ——=
10° mm- 365-24-3600s
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and NV, is defined by A

Ny =3 qu- Iy - 8760 h/yr . (2.50)
[] .

" *In accordance with Brenk (1981), the’l following parameter values may be
used:

L = 50 m,

2 - 10°% for elemental iodine,
@ = 13- 10 for aerosols.*

Mlustrative Example

Evaluate the contamination C on the ground in sector 4 (east) 1000 m
downwind of. the source, due to wet deposition. We assume that 10° Bq
(27 mCi) of elemental '3'I was released during one year. The ground con-

' tammatlon in sector 4 is ngen by the following relation:-

14

where (W/Q), is the long-term washout factor according to Eq. (2.49). First,
we want to evaluate the total amount of rain in sector 4 during one year. This
can be calculated by making use of Eq. (2.50). The g;; values and the mean
values of each precipitation class /o may be taken from Tables C and D in the
appendix of this chapter.

*This value is based on extensive statistical evaluation of field experimental data.



2-58 Radiological Assessment

q4 Iy (mm/h) qae- Iy

496E—3 9.44E—2 4.68E—4

4.06E—3 1.88E—~1 7.63E—4
1.20E—3 . 2.66E-1 3.19E—4
2.15E-3 3.76E—1 8.08E—4
1.95E—3 5.31E—1 1.04E—-3
1.03E—3 7.50E—1 7.73E—4

1.45E-3 1.06 1.54 E=3
7.17E—4 1.50 1.08 E—3
1.O2E-3 211 " 215E-=3
5.59E—4 299 " 1.67TE-3
2.58E—4 422 1.09 E—-3
1.00E—4 596 596 E—-4
ST3E—4  8.41 482E—3

1.71E~2.

- N4y = 3 qelg - 8760 h/yr = 150 mm/yr .
) 1 .

If we further assume that

16, because we have a 16-sector wind rose,
3.5 m/s,
500 m,

[ BT
hn

the ground contamination results in

myr 16 - 2 - 10° - 150mm's - 10° Bq
mm-s 27 - 1000m - 500m - 3.5 myr

Cy = 317 - 107H

= 1.38 Bq/m? (37.4 pCi/m?) .
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Another common approach to the evaluation of wet deposition processes is
based on the following relationship which uses a washout rate, A, instead of
the washout ratio, w

ot (2.51)

P.V= f AV d4dz
0
where A is defined by
Y(r) = ¥(=0) - e . (2.52)

It can be derived by field experiments measuring the depletion of the air con-
centration, ¥, as a function of time, e.g., Burtsev (1969), Graedel (1974), and
Radke (1974). The time, ¢, is the duration of rainfall.

The washout rate is a function of rain drop size, rain drop-size distribu-
tion, and the physico-chemical attributes of the plume. These parameters,
themselves functions of the space coordinates (x,y,z), cause the washout rate to
be a space-dependent parameter, too. For practical application, however, the
washout rate is assumed to be constant with respect to space, because there is
little chance of its space-dependent empirical determination. In other words: A
in Eq. (2.52) represents a space-averaged value. :

Thus, introduction of Eq. (2.8) into Eq. (2.51) results in

e (2.53) -
W= (21r)%uo'y(x) [ 20'y (x)

Because of its definition in Eq. {(2.52) and its usual field experimental deriva--
tion (the washout rate is usually determined from relatively short measurement
intervals and single individual precipitation situations), the A values are of
instantaneous, transient character and apply preferably to individual scaveng-
ing situations. For this reason, Eq. (2.53) may be. used in the case of short-
term releases, e.g., on the order of one hour.

For higher precipitation rates, Eq. (2.53) should be modified to account
for plume depletion via wet deposition. Using the exponentxal removal rate of
Eq. (2.52), the relationship can be written

AQ bt oasll (2.54)
enrun,) | |22 () | @ ]] ’
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Adequate values of A are given, e.g., in Slade (1968). In Brenk (1981), we
find the following estimates for nuclear power plant releases:

8.0 - 1075 - I%¢ | for elemental iodine,
1.2 - 10~4 - 194, for aerosols,

where [ is the actual precipitation intensity in mm/h.

2.5 PROBLEMS

1. Explain why it is impossible to predict the activity ooncenfration in air for
longer time periods (one month or one year) using Eq. (2.8), the basic
equation of the Gaussian plume model.

What can be done if you want to evaluate the mean activity concentration
for one year?

Hint: See Sect. 2.3.1 and Sect. 2.4.1.

2. Compére the effects of eddies larger and smalier than the dimensions of a
Gaussian plume.

3. Are you able to predict short-period fluctuations of the activity concentra-
tion in air using Eq. (2.8)?°

What are the consequences of this answer with respect to short-term acci-
dental releases?

4. Given are two nuclear power plant sites for which environmental dose
assessments are to be done. Site 1 is surrounded by flat, open country
without major obstacles. In the vicinity of Site 2, we find dense forest
with some small, scattered towns.

Which of the o-parameter-systems, listed in Table 2.6, will result in the
most reliable x/Q-value for Site 1 and Site 2, respectively? The release
height of both power plants is 100 m.

What are the principal reasons for your choice?

5. Evaluate the distance x.,, (the point of maximum exposure), i.e., where
the x/Q-value (Eq. 2.31) reaches its maximum. Notice that the g-values
are also functions of x.

Evaluate the maximum of the term

X - u
Q




Transport in the Atmosphere 2-61

on the basis of Eq. (2.31), if

P = 1,
n = 16,
oyx) = p;x9zj,forj = 3, and
"H = 50m.

Compare the values x - u/Q for the o-parameter-systems of KLUG(IIL,)
and JULICH (50m,D) listed in Table 2.8.

What is the main reason for the fact that x-u/Q of the Julich system is
higher than that of the Klug system up to a range of about 2000-m source
distance?

. Evaluate the x/Q-value for Xe-138 as a function of the source distance x

up to x = 100 km. The radioactive decay of Xe-138 has to be taken
into account using Egs. (2.31) and (2.33a).

The x/Q-value without radioactive decay may be taken from Table 2.9
for' Sector 3. The radioactive half-life Tos of Xe 138 is equal to

~14.13 minutes.

W In2
A= 2=
Tos

The depletion factor fj(x) may be approximated by
f(x) = exp(—X + x/u)
‘with
u=5m/s

Make a log-log-plot of x/Q versus x.

1. x/Q without depletion.
2. x/Q with depletion due to radioactive decay.

. Fig. 2.20 shows the isopleths of the gamxﬁa submersion factor as an

example. For greater source distances the shapes of the isopleths are sim-
ilar to those of the yx/Q-values in Fig. 2.15. In comparison to the
x/Q-isopleths, those of the gamma submersion factor become smoother for
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smaller source distances. Finally they approach circles around the source
for source distances under 250 m.

Please explain this pheriomenon.

. A nuclear power plant with a stack height of 100 m (no plume rise) con-
tinuously releases a total iodine-131 activity, O, of 0.03 Ci in one year.

Evaluate the average ground contamination for this year for Sector 2 of
the wind rose, 1000 m downwind of the source. Assume that all iodine
was released in elemental form. As the ground contamination is caused by
dry and wet deposition as well, we have

F W
C: = 3’+-72]Q :

The long-term dispersion factor, x/@, may be taken from Table 2.9. The
total- amount of rain in Sector 2,” N,, can be evaluated as shown in
Sect. 2.4.3.2, making use of Tables C and D in the appendix of this
chapter. '

Further assumptions are

n = 16,
u = 5 m/s, and
L = 500m.

. The probability, p, that we will find any weather combination ijk is equal‘
to

p =2 pp =1

ijk

The probability, g, that we will meet a combination ijk correlated with
rain of the intensity level / is given by

qg = X qyu = 0.111
ijkl

-«
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10.
~ speed and direction by atmospheric stability. class as it might be prepared

for Table D in the appendix of this chapter (i.e., it rains 11.1% of the
time). .

Evaluate the probability, g;/¢, that the wind blows in the direction of
Sector i while it is raining. Do this for the sectors 2, 4, 6, 8, 10, 12, 14,
and 16 and use Table D. Compare the results with the probability that
the wind blows in the direction of sectors 2, 4, 6, 8, 10, 12, 14 and 16
for all weather situations (rain and no rain).

What are the consequences of this comparison with respect to the evalua-
tion of the ground contamination due to dry and wet deposition?

Hint: Remember that F; «p; and W; ocg;.

Attached is an example of an annual joint frequency distribution of wind

by the National Weather Service. Wind speed classes are identified by the

maximum value for each class. Sixteen wind direction sectors are

represented, as are 7 (A-G) atmospheric stability classes. The values

presented in the tables are percent occurrences. For example, wind from

the north during "D" stability with .speeds between 0.75 m/s and
1.0 m/s occurred 0.365% of the time for an annual period of record.

. Calculate an annual average x/Q value from a ground-level release for a

receptor located at a distance of 5000 m in the south-southwest direc-
tion. Use the following ¢,; value for "G" stability at a . distance of
5000 m: 22 m. The depth of vertical mixing is 1000 m. The depth of
vertical mixing is 1000 m. The other o,-values may be taken from
Fig. 2.13. ' )

Hint: Use Eq. (2.32). Note that the wind direction in this frequency distri-
bution is not the direction of impact but the direction from which the
wind blows.

Solution: The release is at ground level, so H = 0. At a distance of

" 5000 m, the effects of building wake are negligible. Because the receptor

is located in the south-southwest sector, the wind direction of interest is
north-northeast.

A simple method for performing this calculation is to set up two matrices:
one of frequency versus stability and average wind speed, and one of x/Q
versus stability and average wind speed. Once the x/Q values for each
wind speed/stability pattern are calculated, the values are mulitiplied by
the corresponding frequency of occurrence. The annual average x/Q is the
sum of the product of frequency times x/Q.
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Duats st for probiem 10: jeiat fregusecy distribation of wind speed and direction®

Mai(m/s) N NNE NE ENE E ESE SE SSE § SSW SW WSW W  WNW NW NNW Toul
STABILITY

CLASS A

027

0.50
0.3

1.00

1.50 0011 ool 002
2.00 0.034 0011 0011 0.03
3.00 001t 0046 0011 0023 0030 0034 00h 00t 0.22
5.00 0011 0011 0011 . 0023 0091 0471 0080 0046 0034 003 00} 004 0023 061
10.00 0011 0011 0046 0.06
15.00

Total 003 002 007 001 001 005 017 022 010 005 005 005 008 006 003 09
STABILITY

)

0.27
0.50
018

1.00 oo oon 0011 0.03
1.50 002 0.011 0014 0.04
2.00 0011 00IF 001t * 0011 0011 002) 001t 002 0.1
.00 0034 0057 0037 0023 0023 001l 0030 0068 0011 002) 003 L0046 046
5.00 0034 0023 0046 0011 0011 0046 0034 0160 0068 0046 0068 0.10) 0068 0091 002 0.3
10.00 _oon 0011, 0011 0046 00S? 0068 0030 0068 0046 0057 048
15.00
Toul 010 009 043 007 005 003 008 0il 025 013 013 07 018 O14 0I5 015  19$
STABILITY
CLASS € .
0.27
0.50 e -
08
1.00 0011 0023 0011 0011 0011 0011 008
1.50 002) 0011 0046 002 00l 0011 0011 0023 0.6
2.00 0034 0091 003 003 0011 0023 001 003 0011 0046 003 0046 0011 0057 0068 0.54
.00 0.160 0091 048 0057 0011 0023 0103 0ll4 0183 0080 0030 0057 0046 0068 0208 142
5.00 0160 0091 0.114 0023 0011 0057 0103 0297 026 0354 0217 0103 O.t4 0.148 0274 219
10.00 0023 00N . 0011 0068 0068 0057 0091 0011 0091 0046 0045 0.2
15.00 0011 001
Totat 040 031 037 014 002 006 O3 026 05 032 053 0¥ 02 02 03 064 494
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Data ¢ for probioms 10k (contimued)

N

NNE

NE

Max (m/s) ENE ESE SE SSE S SSW SW WSW w WNW  NW NNW  Toal
STABILITY
CLASS D

0.27 0002 0.001 0001 0001 0.001  0.002 0.01
0.50 0046 0034 0011 0011 001l 0021 003 0011 001 0011 0023 0.087 0.28
0.78 0126 009 0114 0034 0011 002) 0011 0011 00Kl 0046 0023 0023 0023 0030 0057 0.68
1.00 0.36S 0.388 025! 0217 0057 001 0080 0057 0126 0068 0126 0057 0080 010} 0263 0377 262
1.5 0753 1199 0925 0359 0.194 0080 0205 0228 0388 0251 0285 0377 0228 0205 0491 05N 102
2.00 0731 1450 1256 0457 0.003 0.4)7 0183 0274 0514 0434 0411 0365 0205 018} 0.205 0.308 5]
300 1404 2420 ).62) 0410 0137 0160 0463 0514 644 0970 1042 0525 0471 0251 0285  0.696 12.82
500 1986 1678 1073 047t 0023 0034 (0354 0363 1370 1632 1381 0571 0331 0422 0365 1233 1299
10.00 0434 0091 0.414 0011 0023 0011 0126 0046 0502 0445 O0.148 0126 0160 0148 0137 0603 32
15.00 0.057 . 0.05
Touwl 5.85 138 537 1.87 035 0.47 1.59 1.52 457 382 154 2.04 1.2 134 188 pA ] 46.84
STABILITY

CLASS E

0.27 0019 0042 0046 0021 00IS 0007 0009 " 0011 0024 0016 0021 0010 0003 0008 0011 0011 0.27
0.50 0228 0514 0559 0263 0.8 0030 0.4 0.1)7 0297 0494 0263 0126 00} 0103 0137 013 3.36
018 0217 0445 0443 0274 0091 0023 0057 0.0)7 0494 0285 0205 0448 0030 00)4 0046 0.103 .78
1.00 0.342 093 1.062 0342 0.7 0057 0.4l14 0148 0297 0J65 0285 0342 0171 0103 0068 04N 497
.50 0434 1460 1495 0411 0068 0034 0.83 0.148 0479 0502 03594 0297 0194 0046 0137 0107 6.62
200 0228 .0.765 0502 O.14 0011 0023 0057 0437 0445 0514 0320 0471 0034 0080 0030 0.137 401
3,00 0.263 0379 0345 0426 0023 002) 0037 002} 03594 1.)47 0468 047 0.114 0205 0.194 5.33
5,00 0.160 0160 0205 00}4 0011 010} 0046 0261 (1.176 0217 0080 0080 0046 0046 0.126 278
10.00 0011 ool 0011 002) 0103 0403 o217 00N a0t 044

15.00 0.023 0.02
Towl 1.90 5.2 $.57 159 036 026 075 0.8t 170 462 238 138 0.60 0.54 0.73 1.02 30.59
STABILITY

CLASS F

0.27 00!S 0.0)] 00ss 0040 0024 0009 0025 0017 0014 0034 0030 0019 0007 0004 0007 0021 0.34
0.50 0.148 0320 0422 0388 0228 00NN 0240 0460 0137 03} 0285 O0J83 0068 00 0068 0203 m
0.13 0080 0.160 - 0411 0114 0103 0057 0.160 0057 Ot14 0217 0274 010) 0046 0068 0.7 PR
1.00 0.103 0240 0283 0285 0023 0023 0103 0.103 0205 0.26 0Q.I8) 0046 002) 0057 0057 0046 1.90
.50 0057 0030 0205 Q.14 00S7T 0034 0.126 0251 0217 0034 0023 0.046 i.2¢
2.00 0.068 0023 0023 0011 00tt Q034 0403 0080 0023 001 002) [ X]) 0.42
.00 0023 00N 0011 0057 002) 0.046 017
$.00 aeon .01 001 003
10.00 B - 001} 0.01
15.00

Total 041 0.91 140 09 038 018 060 038 065 [N} Lo 04l 021 0.14 0.20 050 9.58
STABILITY
CLASS G

0.27 0013 008 0021 0017 001 0005 0009 0011 0014 0018 00I5 0016 0003 0008 0010 0019 0.20
0.50 0448 0205 0.240 094 0.126 0057 0103 0126 0160 0205 0471 013} 0034 009 0118 0217 237
.75 Q.09 0057 0160 0144 0023 0034 0034 0023 0046 009 0160 0114 0011 001" 0034 0057 1.06
1.00 0023 003 0.114 00X 0057 001l 0046 0426 0217 0103 0091 0011 0046 0068 098
1.50 . 002 oon 0.011 0023 0011 0068 0103 0091 0023 0011 0.37
2.00 o0l 0.0It 0011 00it . 0ol 0011 001t 002} 0.10
1.00 .

5.00

10.00

15.00 .
Total 018 003 o0s7 o038 016 ON 020 020 029 05 0.68 0.52 0.17 0.16 0.20 0.6 5.10

Total hours considerod are 8760, wind measured a1 10.2 m.
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Frequency (%)

A B . C D E F G
0.135 0 0 [} 0.001 0.042 0.033 , 0.018
0.385 0 0 0 0.034 0.514 0.320 0.205
0.625 0 0 0 0.091 0.445 0.160 0.057
0.875 0 0 0.011 0.388 0.936 0.240 0.034
1.25 0 0 0.011 1.199 1.461 0.080 o
1.75 0 0.011 0.091 1.450 0.765 0.068 0
2.50 0.011 0.057 0.091 2.420 0.879 0.023 0
4.00 0.011 0.023 0.091 1.678 0.160 0 0
7.50 - 0 0 0.011 0.091 0.011 0 0
12.50 0 0 0 -0 0 0 0
2.032
o T
A B . C D E F G
1000 650 270 89 56 34 22
g 2.032
; X/Q ;,,xa,,- ¥
A B C D E F G
0.135 - - - 3.38-5 5.38-5 8.85-5 1.37-4
0.385 - - - 1.19-5 1.88-5 3.10-5 4.80-5
0.625 . - - 7.31-6 _L16S 1.91-5 2.96-5
0.875 - - 1.72-6 5.22-6 8.29-6 1375 . 2015 .
1.25 . - 1.20-6 3.65-6 5.81-6 9.56-6 -
1.75 - . 3577 8.60-7 261-6 . 4156 6.83-6. -
2.50 - 1.63-7 2.50-7 6.02-7 1.83-6 2.90-6 4.78-6 -
4.00 1.02-7 1.56-7 3767 L14-6 1.81-6 - -
7.50 - . 2.01-7 6.09-7 9.68-7 . .
12.50 - - - - - - -
Uk
z x/Q - N
A 8 C D E F G
0.135 - - . 3.38.10 2.26-8 2.92-8 2.47-8
0.385 . . - 4.05-9 9.66-8 9.92-8 9.84-8
0.625 - - - 6.65-9 5.16-8 3.06-8 1.69-8
0.875 - . 1.89-10 2.03-8 7.76-8 3.29-8 7.17-9
1.25 - - 1.32-10 4.38-8 8.49-8 7.65-9 -
.75 - 3.93-1) 7.83-10 3.78-8 13178 4.64-9 -
2.50 1.79-11 1.43-10 5.48-10 4.43-8 2.55-8 1.10-9 -
4.00 11211 3.59-11 3.42-10 1.91-8 2.90-9 . -
7.50 - . 2.21-11 5.54-10 1.06-10 . -
12.50 - - - - - - .

Therefore,

Lik =92 1077 s/m’
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Table A
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Table D

" Table E

APPENDIX TO CHAPTER 2

Set of Diffusion Parameters for Three Effective Release Heights
and Six Diffusion Categories. (Parameters Evaluated Above Rela-
tively Rough Terrain.) '

Three-Dimensional Meteorological Statistics (p;;) for 10 of 16
Sectors i of the Wind Rose (Sectors of Impact), 6 Diffusion
Categories j and 30 Wind Velocities k.

Classification of the Precipitation Intensity (/).

Two-Dimensional Statistics (gy) of the Precipitation Intensity for

8 of 16 Sectors of the Wind Rose (Sector of Impact) and 31.

Classes of Precipitation Intensity.

Exponent of the Vertical Wind Profile.
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Table A. Set of diffusion parameters for three effective release heights

and six stability classes

Diffusion coefficients?

Roughness’ (BMI 1981; Geiss 1982)
Diffusion category -
category of the site Dy 9 P: q:
Effective release height: 50 m
A =6) 1.503 0.833 0.151 1.219
BG=25) 0.876 0.823 0.127 1.108
C(y=24) 34 0.659  0.807 0.165 0.996
DG =3) 0.640 0.784 0.215 0.885
E(G=2) 0.801 0.754 0.264 0.774
FG=1) 1.294 0.718 0.241 0.662
. Diffusion coefficients®
Roughness® (BMI 1981; Geiss et al. 1981)
Diffusion category
category  of the site Py B P . q:
Effective release height: 100 m
A( =06) ' 0.170 . 1.296  0.051  1.317
B =25) o 0.324  1.025 0.070 "1.151
T C(G=4) 34 0.466 0.866 0.137 0.985
DGy =3) 0.504 0.818 0.265 0.818
E(G=2) 0.411 0.882 0.487 0.652
F@G=1) 0.253 1.057 0.717 0.486
Diffusion coefficients®
Roughness®’ (Kiefer et al. 1979)
Diffusion category
category of the site Py g p: q:
Effective reléase height: i00 m
Al =6) 0.671 0.903 0.0245 1.500
B( =5) 0.415 0.903  0.0330 1.320
C(i=24) 34 0.232 0.903 0.104 0.997
DG =3) 0.208  0.903 0.307 . 0.734
E( =2) 0.345 0.903 0.546 0.557
FG=1) 0.671 0.903 0.484 0.500

“Roughness length: about 0.5 to 3 m.

[

q q,
g, = pyX, O T ppX.

Preceding page blank
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Table B. Three-dimensional meteorological statistics (p,x )* of dispersal conditions:
10 of 16 sectors i of the wind rose (sectors of impzct),
6 Diffusion Categories j, and 30 Wind Velocities k

The statistics are valid for the site of the Jilich Nuclear Research Center
(Federal Republic of Germany) and are based on meteorological
data of about 8 years (69,774 values).

(Sector i = 1)

ji— 2 3 4 5 6
k* - - -

F¢ E D C B A

1 3I5E-04 1.00E—04 0.0 0.0 0.0 0.0 . 4.15E—04
2 1.82E-03 931E—04 2.14E-04 B8.59E—05 7.16E—05 0.0 3.12E—-03
3 325E-03 1.67E—03 3.86E—04 B8.59E—05 2.14E—04 B8.59E—05 S5.70E—03
4 4.72E—-03 2.06E—03 3.72E—04 286E—04 40lE—-04 272E—04 8.12E—03
5 "7.02E—-04 1.80E—03 1.83E—03 1.57E—04 3.00E—04 B.59E—05 4.88E—03
6 1.00E—04 1.36E—03 243E—03 214E—04 3.1SE—04 4.29E—05 447E-03
7 286E—05 7.73E—04 2.56E—03 286E—04 1.00E—04 1.43E—05 3.76E—03
8

0.0 2T2E—04 263E—03 1.71E—04 1.14E—04 0.0 J.19E-03
"9 00 1.43E—04 2.14E-03 2STE—04 1.14E—-04 0.0 2.66E—03
10 0.0 1.1I4E—04 . 1.92E—03 3.1SE—04 2.86E—05 00 2.37E-03
.1t 00 1.28E—-04 2.36E—03 3.00E-~04 -1.43E—05 0.0 2.80E-03
12 .00 2.86E—05 1.66E—03 200E—04 0.0 . 00 1.89E—03
13 00 0.0 - 1.L77E—-Q3° 4.29E—05 " 0.0 0.0 1.82E—03
14 0.0 0.0 1.51E=03 S.73E—-05 0.0 0.0 - -L.57TE-03
15 00 0.0 9.17E—-04 0.0 0.0 0.0 9.17E—04
16 0.0 0.0 8.88E—04 0.0 0.0 0.0 8.88E—04
17 0.0 0.0 5.87E—04 0.0 0.0 0.0 S.87E—04
18 00 0.0 4.87E-04 0.0 0.0 0.0 4.87E—04
19 0.0 0.0 243E—-04 0.0 0.0 0.0 . 243E-04
20 0.0 0.0 . 3ISE—-04 00 0.0 0.0 3.ISE—04
21 00 0.0 1.86E~04 0.0 0.0 0.0 . LB6E-04
22 00 0.0 8.59E—05 0.0 0.0 0.0 8.59E—05
23 00 .00 T.16E—=05 0.0 0.0 0.0 7.16E—05
24 0.0. 0.0 1.43E—-05 0.0 0.0. 0.0 ' 1.43E—05
25 00 0.0 S.713E-05 0.0 0.0 0.0 5.73E—05
26 00 0.0 2.86E—-05 0.0 0.0 0.0 2.86E—~05
27 00 0.0 _ 1.43E—05 0.0 0.0 0.0 1.43E—05
28 0.0 0.0 1.43E=05 0.0 0.0 0.0 © 1.43E-05
29 00 0.0 0.0 0.0 ~ 0.0 0.0 0.0
30 00 0.0 2.86E—05 0.0 0.0 0.0 2.86E—05

1.09E—02 9.40E—03 2.57E—02 246E—03 1.67E—03 S.0IE—04 S5.07E~02¢"
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Table B. (continued)

~

(Sector i = 2)

-1 2 3 4 5 6
k¢
Fe E D C B A

1 200E-04 143E—04 4.29E—05 0.0 1.43E=05 0.0 4.01E-04
2 1.64E—03 7.02E—04 1.B6E—04 2.86E—~05 4.29E—-05 2.86E—05 263E—03
3 289E—03 1.21E—03 3.00E—04 1.14E—04 2.86E—04 1.14E—04 4.93E—03
4 4.29E-03 268E—03 501E—04 272E~04 272E-04 372E—04 B8.39E—03
5 7.59E—04 2.75E—-03 339E-03 272E~04 4.0lE-04 171E—-04 7.75E-03
6 2.14E—04 266E—03 S5.40E—-03 4.58E~04 4.29E—04 B8.59E—05 9.25E—-03
7 LO00E—04 226E—03 B8.06E—03 6.59E~04 4.01E—04 286E—05 1.15E—~02
8 T7.16E—05 146E—03 9.50E—03 7.02E~04 386E—04 00 1.21E—02
9 00 8.59E—04 9.55E—03 1.31E~03 2.14E~04 00 1.19E-02
10 0.0 JS8E—04 9.33E—03 1.34E~03 4.29E—-04 00 1.14E—02
11 00 1.86E—04 9.71E—03 1.59E~03 7.16E—-05 0.0 1.1SE~-02
12 0.0 2.86E—0. 6.65E—03 - 1.LI1IE~-03 0.0 0.0 7.79E-03
13 00 0.0 . 5.60E—-03 S5.01E—04 0.0 0.0. 6.10E—03
14 00 0.0 491E—-03 343E~04 00 0.0 5.25E—03
15 00 0.0 3.45E-03 1.57E—04 0.0 0.0 3.61E—03
16. 0.0 0.0 2.65E—-03 S5.73E~0S 0.0 0.0 2.710E~03
17 0.0 0.0 220E-03 0.0 0.0 0.0 2.20E—03
18 00 0.0 2.00E-03 00 0.0 0.0 -2.00E-03
19 00 0.0 1.33E—-03 0.0 0.0 0.0 1.33E—03
20 00 0.0 1.L04E-=03 0.0 0.0 0.0 1.04E—03
2t 00 0.0 6.30E—04 0.0 0.0 0.0 6.30E—04
22 00 0.0 6.73E-04 0.0 0.0 0.0 6.73E—04
23 00 0.0 3.00E-04 00 0.0 0.0 3.00E—04
24 00 0.0 J.00E—04 0.0 0.0 0.0 3.00E—04
25 00 0.0 I.STE=04 0.0 0.0 0.0 1.57TE—04
26 00 0.0 2.86E—05 0.0 0.0 0.0 2.86E—05
27 00 0.0 5.73E-05 00 0.0 0.0 S.73E—05
28 0.0 0.0 1.43E—05 0.0 - 0.0 0.0 1.43E-05
29 00 0.0 1.43E-05 0.0 0.0 0.0 1.43E—0S
30 00 0.0 5.73E—05 0.0 0.0 0.0 5.13E—035
1.OIE—02 ~ 1.53E—02 8.81E—02 894E~—03 295E—03 8.02E—04 1.26E—01¢
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Table B. (continuved)

(Sector i = 3)
o= 2 3 4 [ 6
kb
Fr E D C B A

1 1LISE—04 1.14E—04 7.16E—05 0.0 1.43E-05 1.43E—05 3.29E—04
2 L79E—03 9.17E—04 1.14E—04 B8.59E—05 1.57TE—04 4.29E—05 3.11E—03
3 277E-03 1.77E—03 4.58E—~04 1.43E—04 3.86E—04 1.57TE—04 5.68E—03
4 446E—03 386E—03 7.73E—04 343E—04 T.3J0E—04 6.87E—04 1.08E—02
S 6.74E—04 2.79E—03 S5.05E—03 S5.01E~04 S5.15E—04 1.28E—04 9.67E-03
6 1.43E—04 1.93E-03 7.09E—03 7.73E~04 1.26E—03 1.86E—04 [.13E~02
7 430E—05 1.30E—03 991E—03 1.14E—03 1.14E—03 4.29E-05 1.36E—02
8 7.6E—05 5.1S5E—04 1.03E—02 1.37E~03° LOIE-03 0.0 1.33E-02
9 2.86E—05 2.72E—04 1.06E—02 220E~03 SO0IE—04 0.0 1.36E—-02
10 1.43E—05 2.86E—05 9.77E—03 259E—~03 6.44E—04 0.0 1.30E—02
1 00 8.59E—0S 1.00E—02 2.76E—03 1.28E—04 0.0 1.30E—02
12 00 7.16E—05- 7.46E—03 1.76E~03 0.0 0.0 9.30E—03.
13 0.0 0.0 7.23E—03 7.88E~04 0.0 0.0 8.02E—03
14 0.0 0.0 S.36E—03 4.29E~04 0.0 0.0 5.79E—03
15 0.0 0.0 422E—03 1.57E~04 0.0 0.0 4.36E—03
16 0.0 0.0 . 3.32E—-03 1.28E~04 0.0 0.0 3.45E—-03
17 0.0 0.0 2.53E—03 0.0 00 0.0 2.53E—03
18 0.0 0.0 2.35E—03 00 0.0 0.0 2.35E-03
19 00 0.0 - 1.37E-03 0.0 0.0 0.0 1.37E—03
20 00 0.0 9.02E—04 0.0 0.0 0.0 9.02E—04
21 00 0.0 7.88E—04 0.0 0.0 0.0 7.88E—-04
22 0.0 0.0 4.1SE—04 0.0 0.0 0.0 4.15E—04
23. 00 0.0 2.86E—04 . 0.0 0.0 0.0 2.86E—04
24 00 0.0 2.14E-04 0.0 0.0 0.0 2.14E-04
25 00 0.0 1.S7TE—04 0.0 0.0 0.0 1.57E—04
26 0.0 0.0 143E—04 0.0 0.0 0.0 1.43E—04
27 00 0.0 2.86E—05 0.0 0.0 0.0 2.86E—~05
28 0.0 0.0 00 0.0 0.0 0.0 0.0

29 0.0 0.0 2.86E—05 0.0 0.0 0.0 2.86E~05
30 0.0 0.0 1.43E-05 0.0 0.0 0.0 1.43E-05

1.OJE—02 1.36E—02 1.01E—01 1.52E~02 6.50E—03 1.26E—03 1.47E—01
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Table B. (continued)

(Sector i = 4, East)

j= 2 3 4 5 6
kb
Fe "E D C. B A

1 214E—04 229E~04 4.29E—05 4.29E—05 4.29E-05 0.0 5.73E—04
2 1.64E—03 1.16E~-03 3.I15E—04 B8.59E—05 243E—04 5S73E-05 351E—03
3 298E—03 2.63E—~03 B845E—04 3.00E—04 687E—04 429E—04 7.88E—03
4 6.13E—03 4.7tE-03 1.49E—03 444E—04 1.18E—03 9.31E—04 149E—02
S 1.07E—03 3.38E-03 S5.21E—03 8.16E—04 1.71E—03 -5.87E—04 1.27E—02
‘6 1.00E—04 1.86E—03 6.73E—03 9.88E—04 207E—03 386E—04 121E—02
7 B8.59E—05 B8.88E~04 7.66E—-03 1.08E—03 1.67E—03 8.59E—05 1.14E—02
8 7.16E—05 3.00E—04 ' 6.82E—03 147E—03 1.60E—03 0.0 1.02E—02
9 429E—-05 229E-04 7.28E~03 1.76E—03 3.31E—04 0.0 1.0lE—02
10 00 4.29E-05 6.11E—03 1.83E—03 7.30E-04 0.0 8.72E—03
It 00 2.86E—05 6.82E—03 1.70E—03 1.28E—04 0.0 8.68E—03
12 00 1.43E—05 4.44E-03 . 1.00E—03 0.0 0.0 5.46E—03
13 00 0.0 348E—03 4.01E-04 00 0.0 3.88E—03
14 00 0.0 2.10E~-03 3.1SE—-04 0.0 0.0 2.42E-03
15 00 0.0 2.03E—03 -5.73E-05 0.0 0.0 - 2.09E-03
16 0.0 0.0 1.43JE—03 2.86E—-05 0.0 0.0 1.46E—03
17 0.0 0.0 1.24E-03 0.0 0.0 0.0 1.24E—03
18 00 0.0 1.73E-04 0.0 0.0 0.0 7.73E-04
19 00 0.0 5.58E—04 00 0.0, 0:0 5.58E—~04
20 0.0 0.0 3.712E-04 0.0 0.0 0.0 3.72E—04
21 00 0.0 - 229E-04 0.0 0.0 0.0 2.29E—-04
22 00 0.0 LL7IE=04 0.0 0.0 0.0 1.71IE—04
23 00 0.0 2.14E—~04 0.0 0.0 0.0 2.14E—-04
24 00 0.0 5.73E-05 0.0 0.0° 0.0 5.73E—05
25 00 0.0 1.14E—04 0.0 0.0 0.0 1.14E—-04
26 00 0.0 2.86E—-05 0.0 0.0 0.0 2.86E—05
27 0.0 0.0 1.L43JE—-05 0.0 0.0 0.0 1.43E—0$

28 00 0.0 0.0 0.0 0.0 0.0 0.0

29 00 0.0 0.0 0.0 0.0 0.0 0.0
30 00 0.0 286E—-05 0.0 0.0 0.0 2.86E—05
1.54E—02 6.66E—02 1.23JE—02 1.09E-02 247E-03 1.20E—-01¢
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Table B. {continued)

(Sector i = 6)

j—=1 2 3 4 b 6
kb .
Fe E D . C B A

| 214E-04 1.S7E—04 4.29E—05 1.43E-05 S5.73E—05 0.0 4.87E—04
2 945E-04 S5.73E—04 3.86E—04 1.28E—04 2.29E—04 286E—05 2.29E—03
3- 1.36E—03 1.47E—03 6.30E—04 1.STE—04 6.59E—04 8.59E—05 4.37E-03
4 193E—03 1.84E—03 9.60E—04 5.30E—04 7.73E—04 6.73E—04 6.72E—03
5 3.00E—04 1.31E—03 28S5E—03 6.01E—-04 LIIE—03 4.01E—04 6.59E—03
6 T.I6E—05 6.59E—04 247E—03 4.58E—04 |.11E—03 186E—04 4.97E—03
- 7 1.43E—05 .444E—04 247E—03 S.87E—04 6.01E—04 4.29E—05 4.17TE—03
8 00 286E—04 1.92E—03 6.0l1E—04 401E—04 00 3.21E-03
9 00 1.28E—04 1.80E—03 6.30E—04 2.14E—04 0.0 2.78E—03
10 00 1.43E—05 1.23E—03 4.87E—04 1.14E—04 00 1.84E—03
o 100 1.43E—05 1.17E—03 4.29E-04 4.29E—05 0.0 1.66E—03
1200 0.0 8.45E—04 3.29E-04 0.0 0.0 1.17E-03
13 00 0.0 6.16E—04 1.14E—03 0.0 0.0 7.30E—04
14 0.0 0.0 3.29E-04 7.16E-05 00 0.0 4.01E—04
15 0.0 0.0 L.86E—04 0.0 0.0 0.0 1.86E—04
' 16 - 0.0 0.0 1.43E—04 0.0~ 0.0 0.0 1.43E—04
17 0.0 0.0 1.00E—04 0.0 0.0 0.0 1.00E-04
18 00 0.0 1.43JE-04 0.0 0.0 0.0 1.43E—04
19 00 0.0 2.86E—05 00 . 0.0 0.0 2.86E—05

20 - 0.0 0.0 0.0 0.0 0.0 -0.0 0.0
21 00 0.0 1.L43E-05 0.0 0.0 0.0 1.43E-05

22-30 00 0.0 0.0 0.0 0.0 0.0 0.0
484E—03 692E—03 1.83E—02 S5.14E—03 5.33E—03 1.41E—03 4.20E—02*
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Tabie B. (continued)

{Sector i = 8, South)

3.64E—~03

R j 1 2 3 4 5 6
kb
Fe E D C B A
1 S530E—04 358E—04 4.29E—05 143E—05 1.43E-05 0.0 9.60E—04
2 1.26E—-03 9.17E—04 4.44E—04 1.71E-04 1.00E—04 4.29E—05 2.93E—03
3 1.07TE-03 7.59E—04 343E—04 2.14E—04 2.57E—04 2.57TE—04 2.90E-0Q3
4 1.04E—03 9.74E—04 S587E—04 2.29E—~04 5.58E—04 788E—04 4.18E—03
5 LTIE—-04 SOIE—04 1.28E—03 3.00E—04 9.02E—04 4.44E—04 361E—~03
6 143E—05 573E-~05 1.11E—03 3.43E—04 788E—04 S515E-—04 2.83E—03
7 00 5.73E—05 1.17E—03 3.00E—04 4.01E—04 4.29E-05 197E—03
8 00 0.0 788E—04 [1.28E—04 2.57E—0G4 0.0 1.17E~03
9 00 0.0 444E—04 1.286—04 T.16E—05 00 6.44E~04
10 0.0 1.43E~05 1.86E—04 4.29E—05 286E—-05 0.0 2.712E~-04
1t 00 0.0 1.28E—04 2.86E—-05 0.0 - 0.0 1.5STE~04
12 0.0 0.0 - 2.86E—05 0.0 0.0 0.0 2.86E~05
1300 0.0 0.0 1.43E-05 00 0.0° 1.43E~-05
14 0.0 0.0 2.86E—05 1.43E-05 0.0 0.0 4.29E~05
15 0.0 0.0 0.0 1.43E—05 0.0 0.0 0.0
16-30 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4.09E-03 6.60E—03 1.94E—03 3.38E—03 209E—-03

217E—~-02¢
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Table B. (continued)

(Sector i = 10)
j~-1 2 "3 4 ] 6
kb
Fr E D C B A
1 272E—04 8.59E—05 1.43E—-05 00 0.0 0.0 3.72E—04
2 759E—04 S5.44E—04 214E—04 7.16E—05 7.16E—05 5.73E-05 1.71E—03
3 931E—04 8.02E—04 3.00E—04 1.5TE—04 214E—04 214E~04 2.62E—03
4 1.63E—03 1.17E—03 4.29E—04 214E—04 4.58E—04 S.OIE—~04 4.41E—03
S 429E—04 1.28E—03 1.33E—03 243E—04 S544E—04 2.29E~04 4.07E—03
6 272E—04 1.86E—03 1.57TE—-03 1.71IE—04 S558E—04 1.71E~04 4.61E—03
7 1.14E—04 1.59E—03 1.66E—03 1.57TE—04 4.29E—04 4.29E~05 3.99E—03
8 4.29E-05 [1.41E—03 1.50E—03 4.29E—04 4.29E—04 0.0 3.82E-03
9 -0.0 7.30E—04 1.77E—03 3.86E—04 243E—-04 00 3.13E-03
10 0.0 1.86E—04 1.43E—03 3.58E—04 1.71IE—04 0.0 2.14E-03
1 00 7.16E~05 111IE—03 3.86E—04 5.73E—05 0.0 1.63E—03
1200 1.43E—05 6.44E—04 1.43E—04 0.0 . 0.0 8.02E—04
13 0.0 0.0 3.43E—04 8.59E—05 0.0 0.0 4.29E—04
14 00 0.0 2.14E—04 4.29E—05 0.0 0.0 2.57E—04
15 0.0 0.0 1.LOOE—04 1.43E—05 0.0 0.0 1.14E—04
16 00 0.0 1.43E—05 1.43E—05 0.0 0.0 2.86E-05
17 0.0 0.0 2.86E—05 0.0 0.0 0.0 2.86E—~05
18 0.0 0.0 1.43E—05 0.0 0.0 . 00 1.43E—-05
19-30 - 0.0 0.0 0.0 0.0 0.0 00 0.0
445E—03 9.77E—03 1.27E—02 288E-03 3.18E—03 1.21E~03 3.42E—02‘
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Table B. (continued)

(Sector { = 12, West)
2. 3 4 5 6

E- D C . B A

O I LW —

2.86E—05 1.43E—05 286E—05 [143E—05 143E—05 4.44E-04
487TE—04 1.5TE—04 4.29E-05 7.16E—05 4.29E-05 1.90E—03
7.30E-04 4.1SE—04 1.28E—04 3.29E—04 |.5TE—04 3.99E-03
1.41E-03 S5.01E—04 3.86E—04 6.30E—04 S5.30E—~04 6.80E—03
2.16E-03 2.19E—03 3.86E—04 8.31E—04 286E—04 7.52E—03
326E—03 3.02E—03 4.01E—04 1.00E—03 1.14E—04 8.77E-03
2.80E—03 3.52E—03 7.59E—04 S573E—04 4.29E—-05 B8.74E—03

257E—03 3.23E—03 7.16E—04 7.30E—04 00 8.14E—03
1.87E—03 3.71E—03 6.73E—04 2.00E-04 00 6.65E—03
1.37E—03 282E—03 4.87E—-04 1L.7IE—-04 0.0 4.85E—03
1.17E-03 3.09E—03 6.01E—04 4.29E—05 0.0 491E-03
6.16E—04 2.12E—03 S5.58E—04 0.0 0.0 3.29E—-03
1.43E—05 1.60E—03 2.14E—04 0.0 0.0 1.83E-03
2.86E—05 1.49E—03 1.57E—04 0.0 0.0 1.67E—03
0.0 788E—04 1.28E—04 0.0 0.0 9.17E—04
0.0 S.1SE—-04 7.16E—05 0.0 0.0 5.87E—04
0.0 401E—04 0.0 0.0 0.0 4.01E—04
0.0 358E—04 0.0 0.0 0.0 3.S8E—04
0.0 1.28E—04 0.0 0.0 0.0 1.28E—04
0.0 1.28E—04 0.0 0.0 0.0 1.28E—04
0.0 8.59E—05 0.0 0.0 0.0 8.59E—05
0.0 0.0 0.0 0.0 0.0 0.0

0.0 1.43E—05 0.0 0.0 0.0 1.43E—05
0.0 0.0 0.0 0.0 0.0 0.0

1.85E—02 3.03E—02 S5.74E—03 4.60E—03 1.I8E—03 7.2IE—02
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Table B. (continued)

(Sector i = 14)

j—= 2 3 4 s 6
k.
Feo. E D - C B A
| 3.58E—04 1.43E—05 S5.73E—05 1.43E—05 00 0.0 4.44E—04
2 243E—-03 S.30E—04 286E—05 1.00E—04 S.73E—05 S5.73E—05 3.21E—03
3 5.38E—03 8.74E—04 143E—04 S573E—05 243E—04 1.00E—04 6.80E—03
4 7.59E—03 1.04E—03 229E—04 229E—04 3.ISE—04 343E—04 9.76E—03
S 242E—03 1.76E—03 1.06E—03 1.7IE—04 286E—04~ S.73E—05 S5.76E—03
6 1.03E—03 213E—03 1.28E—03 1.STE—04 243E—04 0.0 4.85E—03
7 S44E—04 213E—03 196E—03 2.86E—04 186E—04 0.0 5.11E~03
8 3.72E~04 L70E—03 1.79E—03 243E—04 100E—04 0.0 4.21E—03
9 T.6E—05 1.6IE—03 1.43E—03 3.00E—04 0.0 0.0 3.42E—03
100 0.0 1.08E—03 1.43E—03 3.ISE—04 1.43E—05 - 0.0 2.85E—03
I 00 745E—04 144E—03 L7IE—04 0.0 0.0 2.36E—03
12 00 472E~04 9.17TE—04 1.86E—04 0.0 0.0 1.5TE—03
13 00 1.43E-05 8.31E—04 2.86E~05. 0.0 0.0 8.74E—04
14 00 0.0 444E—04 114E-04 00 - 00 5.58E—04
15 0.0 0.0 415E—04 0.0 0.0 0.0 4.15E—04
16 0.0 0.0 2.14E—04 0.0 0.0 0.0 2.14E~04
1700 0.0 1.28E—04 0.0 0.0 00 1.28E—04
18 00 - 0.0 © L86E—04 0.0 00 . 0.0 1.86E—04
19 00 - 00 (429E—05 00 . 00 - 00 4.29E—~05
20 00 0.0 286E—05 0.0 0.0 00 2.86E—05
21 00 0.0 1.43E—05 0.0 0.0 0.0 1.43E—05
2 00 0.0 286E~05 00 . 00 0.0 2.86E—05
23-30 0.0 0.0 0.0 0.0 0.0 00 | 0.0

2.02E-02 l.4IE—0i 1.41E—02 237E-03 144E—03 S5.58E—04 5.28E—02‘
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Table B..(continued)

(Sector i = 16, North)

i=1 2 3 4 5 6
kh
Fe E D c B A
1 3.29E—04 T.16E~05 4.29E—05 143E—05 0.0 0.0 4.58E—04
2 192E—03 8.16E—04 200E—04 573E—05 [1.14E—04 1.43E—05 3.12E—03
3 356E—03 1.31E—03 3.00E—04 186E—04 243E—04 1.00E—04 S5.7IE—03
4 472E-03 219E-03 358E—04 229E—04 272E—04 200E—04 7.98E—03
5 9.45E—04. 1.53E—03 151E—03 128E—04 1.86E—04 7.16E—05 4.38E—03
6 8.59E—05 9.4SE—04 1.839E—03 7.16E—05 229E—04 143E—05 3.23E-03
7 286E—05 4.15E—04 1.93E—03 2.14E—04 1.43E—04 0.0 2.73E—03
8 00 .STE~04 ~1.74E—03 343E—04 1.28E—04 0.0 2.37E-03
9 00 5.73E—-05 1.49E—03 -243E—04 143E—05 0.0 1.80E—03
10 00 8.59E—05 1.40E—03 1.43E—04 143E-05 00 1.64E~03
11 - 00 7T16E—05 1.59E—03 1.00E—04 143E—05 00 1.77E—03
12 00 0.0 8.16E—04 0.0 0.0 0.0 8.16E ~04
1300 0.0 7.30E—04 0.0 0.0 0.0 7.30E—04
14 00 0.0 437E-04 0.0 0.0 0.0 4.87E—04
15 00 0.0 1.5S7TE—04 0.0 0.0 0.0 1.STE—04
16 00 0.0 1.I4E—04 0.0 0.0 0.0 1.14E—04
1700 0.0 1.14E—04 0.0 0.0 0.0 1.14E—04
18 00 0.0 143E-05 0.0 0.0 0.0 1.43E~05
1922 0.0 0.0 -0.0 0.0 0.0 0.0 0.0
3 00 0.0 5.73E-05 0.0 0.0 0.0 5.73E—~05
24—29 00 0.0 0.0 0.0 0.0 0.0 0.0
30 00 0.0 1.43E—05 0.0 0.0 0.0 1.43E—05

I.IGE—02 7.66E—03 149E—02 1.73E—03 1.36E—03 ~401E—04 3.77E—02¢

ijk .
*The symbol k is the index of the classes of the wind velocity. It also denotes the mean value of the
corresponding wind velocity in knots (e.g., for & = 3, the wind- velocity @ (zo) = 3 knots = 1.5 m/s).
‘Pasquill classes A-F.
“This value is equal to p; = T p;u. It can be interpreted as the probability that the wind blows in the
jk ..

direction of sector i.
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Table C. Qlassification of the precipitation intensity (/) used for evaluation
of the two-dimensional precipitation statistics {g;.), Index i of the
windrose sector, index R of the class of precipitation intensity

Class of precipitation Class boundaries Class mean values®
intensity (index 2) (mm/h) (mm/h)

1 0 <1 < 1.00E-2 5.00E-3
2 1.00E—-2 < I < 1.41E-2 1.19E-2
3 1.41E—2 < I < 2.00E-2 1.68E—2
4 2.00E—2 < I < 2.82E-2 237E-2
5 2.82E—-2 < [ € 398E-2 3.35E-2
6 398E—-2 < I € 5.62E—2 473E-2
7 5.62E—2 < [ < 7.94E—2 6.68E—2
8 794E—2 <1 <€ L.12E~-1 9.44E—2
9 1.L12E—1 < I € 1.58E-1 1.33E—1
10 : 1.58E—1 < I € 2.24E-1 1.88E—1
11 . 2.24E—1 < I <€ 3.16E-1 2.66E—1
12 3.16E—1 < I < 447E—1 3.76E—1
13 447E—1 <1 € 6.31E—1 5.31E—1
14 6.31E—1 < I < 8.91E—1 7.50E—1
15 - 891E~1 <I £ 1.26 1.06 ‘
16 1.26 <I1<178 150

17 . 178 T <1< 251 ’ 2.1

18 - 2.51 <1< 355 2.99

19 3.55 <1 <501 4.22

20 5.01 <1< 7.08 5.96

21 - 7.08 <1 < LOOE+1 8.41

22 1.00 "< I £ L41E+1 1.L19E+1
23 1.41 <1 < 2.00E+1 1.68E+1
24 2.00E+1 < I € 2.82E+1 2.37E+1
25 2.82E+1 < I < 398E+1 3.35E+1
26 398E+1 < I < 5.62E+1 4.73E+]
27 5.62E+1 < I < 7.94E+1 6.68E+1
28 794E+1 < I € L.12E+2 9.44E+1
29 1.L12E+2 < 1 < 1.58E+2 1.33E+2°
30 1.58E+2 < [ < 2.24E+2 1.88E+2
31 1> 2.24E+2 2.66E+2

2Geometric mean values (except for £ = 1| and £ = 31) because of
the log-normal character of the frequency distribution of the precipitation
intensity.
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Table D. Two-dimensional statistics (¢;2) of the precipitation intensity for 8
of 16 sectors of the wind rose (sector of impact) and
31 classes of precipitation intensity

S The statistics are valid for the site of the Jilich Nuclear Research
: ‘ : Center (Federal Republic of Germany) and are based on 8 years
e of meteorological data (69,774 values)

L ’ Class of East Sector South Sector
SRR ' precipitation
intensity 2 4 6 8
1-7 0.0 0.0 0.0 0.0
8 5.47E-03 4.96E—03 1.1SE~03 4.59E—04
9 0.0 0.0 0.0 0.0 -
10 3.50E—-03 4.06E-03 9.89E-~-04 2.87E—04
11 1.09E—03 1.20E—-03 . 2.72E~04 1.00E—04
12 1.71E—03 2.15E—-03 3.44E-04 2.01E—04

13 1.91E—~03 1.9SE—03 3.1SE—-04 1.58E—04
14 1.I13E-03 1.03E—03 3.01E~-04 1.29E—04
15 1.19E—-03 1.45E—-03 4.44E—-04 1.20E—04
16 6.16E—04 7.17E—04 1.86E—04 7.17E—05
17 7.31E—-04 1.02E—03 "215E-04 8.60E—05
18 3.30E—04 559E—04 1.86E—~04 2.87E—05
19 4.30E—05 2.58E—04 8.60E—05 2.87E-0S
20 5.73E—05 1.00E—04 2.87E~-05 0.0
21 287E-0S5 5.73E-05 1.43E~05 0.0
22-31 0.0 0.0 ' 0.0 . 00 ]
q = 2 ¢ L78E-02 1.9SE—02 4.53E~-03 1.68E—-03
?- - :

Class of West Sector North Sector

precipitation
- intensity ? 10 ‘ 12 14 16
-7 0.0 0.0 0.0 0.0
8 . 3.58E—04 9.1TE—04  9.89E—04 1.10E—03
9 0.0 0.0 0.0 0.0
10 3.58E—04 9.03E—-04 8.17E—04 6.59E—04
11 4.30E—05 J44E—-04 2.01E-04 1.86E—04
12 2.29E-04 3.58E—04 4.30E—04 4.01E—04
13 244E—04 4.01E—04 473E—04 287E—04
14 1.43E—04  3.ISE—04 2.29E—04 2.29E—04.
15 2.29E—-04 4.59E—04 4.0lE—04 2.58E-—04
16 1.29E—-04 1.43E—04  2.29E—04 1.712E—-04
17 1.43E—04 2.1SE—04 2.29E—04 7.17E-05

18 2.87E-05 8.60E—05 1.1SE—04  2.87E—05
19 4.30E—05 7.17E—~05 7.17E—05 - 7.17E—05

© 20 0.0 1.43E—05 1.43E—05 1.43E-05
21 2.87E—05 1.43E—-05 0.0 0.0

- ' 22-31 0.0 0.0 0.0 0.0
. =3 gf 198E—03 424E—03 4.20E—03  3.48E—03
* ?
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Table E. Exponents of the vertical wind profile,
cf. Eq. (2.14) of this chapter

Diffusion Wind Profile Exponents, m;
category )

A =6) 0.09 0.10°
B(j=25) 0.20 0.15
C(y=4) 0.22 0.20
DG =13) " 0.28 | 0.25
E(=2) 0.37 0.30
F(=1) 0.42 0.30

“These values have been recommended
by the U.S. Environmental Protection Agency
in EPA-450/2-77-018, 1977.
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Transport of Radionuclides
in Surface Waters

By G. H. JIRKA,* A. N. FINDIKAKIS,T Y. ONisHL}
and P. J. RYAN**

3.1 INTRODUCTION

The purpose of aquatic transport and diffusion calculations is to provide
estimates of the radionuclide concentrations within a water body and the
radionuclide deposition on the shoreline and bottom from both routine and
accidental releases of liquid effluents. These calculations provide a link
between the effluent releases and direct or indirect pathways to man for dose
calculations.

The wide variety of mathematical models for assessing hydrologic trans-
port of pollutants (radionuclides) ranges from simple algebraic models to
sophisticated multidimensional models based on numerical solutions to the
advection-diffusion equation and the associated hydrodynamic equations. How-
ever, the emphasis on model development has far outweighed the efforts on
mode! verification, and caution and a considerable amount of judgment are
requlred in both model selection and application.

The emphasis in this chapter is on the use of simple models. For example,
in contrast to heat disposal calculations, where highly accurate knowledge of
the distribution of excess temperature in space and time is required, most dose
calculations are based on cumulative effects. Concentration variations in space
. and time are often not important, and a conservative approach is usually both
cost effective and desirable. The limitations of the simple models will be dis-
cussed, and some examples will be given. More complex models, which may be

*Cornell University, Ithaca, N.Y.
Bechtel Civil & Minerals, Inc., San Francisco, and Stanford University.

*pacific Northwest Laboratory operated by Battelle Memorial Institute, Richland,
Wash.

**Bechtel Civil and Minerals, Inc., San Francisco.
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required in some situations, will be briefly discussed; and relevant references
will be listed.

The overall distribution of radionuclides in surface waters is controlled by
four distinct transport and transformation processes subject to different source
conditions, as summarized in Table 3.1. Thus, depending on water body
characteristics, the surrounding terrestrial and atmospheric conditions, and the
physicochemical aspects of a particular radionuclide, many processes may be
considered. The present chapter, however, focuses on three particular dispersal
phases: Section 3.2 deals with the rapid initial mixing phase that is controlled
by the characteristics of the effluent and the discharge structure; Section 3.3
treats the far-field mixing by ambient advection and diffusion processes that.
occur over much larger distances; and Sect. 3.4 addresses the role of sediment
effects in intermedia transfer, direct transport, and transient storage. Gen-
erally, it is found that these three phases are of vital importance in most
radionuclide assessment scenarios. The inclusion of other transport and

Table 3.1. Major mechanisms affecting radionuclide
migration and fate in surface waters

Transport and transformation processes .

Transport
Water movement -
Discharge-induced advection and diffusion
Ambient advection and diffusion
Sediment movement

Intermedia transfer
Adsorption and desorption
Precipitation and dissolution
Volatilization

.Degradation and deéay
Radionuclide decay

Transformation
Yield of daughter product

Point and nonpoint source/sink contributions

Direct discharge: routine or accidental
Dry and wet deposition from atmosphere
Runoff and soil erosion from land surfaces
Seepage from or to groundwater
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transformation processes and source terms (see Table 3.1) is often relatively ~
straightforward.

The major emphasxs in tlns chapter is on the treatment of continuous, con- ’
trolled radionuclide releases from engineered structures, with minor attention
given in Sect. 3.3 to accidental releases.

3.2 INITIAL MIXING

When the quantity of effluent is small and the receiving water body is
relatively large, rapid initial mixing by means of a properly designed discharge
structure is an effective means of reducing the radionuclide concentrations. In
some cases, it is the only feasible way to meet regulatory requirements.

The initial, or near-field, mixing process is based on a high level of tur-
bulence produced by means of the discharge momentum (jet action) and/or
the discharge buoyancy (plume action). The process is relatively rapid
inasmuch as it occurs over a short distance, typically equal to 10 to 100 times
the characteristic discharge dimension (e.g., the square root of the discharge
cross-sectional area). Large dilutions on the order of 10 to 100 can be

* achieved.
In this context, dilution S is defined as the ratio

Co ‘ " (3.1)
S =

where C, is the discharge concentration (or concentration-excess) and C is the
concentration at some point of interest (e.g., at the end of the near-field zone).

Frequently, the -initial mixing process is dominant over the much more
gradual and sluggish far-field mixing processes, which are driven by consider-
ably lower turbulence levels in the ambient river, lake, or coastal environment.

Factors that affect initial dilution are the momentum and buoyancy of the
effluent, the outfall configuration and location, and the receiving water
characteristics (depth and current) in the vicinity of the outfall. Separate
predictive models have been developed for surface and submerged discharges,
single-point and multiport outfails; deep and shallow, and stagnant and flowing
water; and buoyant (positive and negative) and nonbuoyant effects. The more
important combinations of the above parameters are discussed and some exam-
ple calculations are shown. Three separate types of outfall are important in
design practice: surface-point discharges, submerged-point discharges, and mul-
tiport diffusers. These configurations are discussed here, with buoyant and non-
buoyant discharges being treated. as. subclasses. The buoyant case is
emphasized because it is standard practice to mix the routine release of
radionuclides with the cooling-water discharge for once-through systems and
with the blowdown for closed-cycle systems.
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-~

A basic assumption in all initial mixing calculations is that the effluent
characteristics (total heat, total radionuclides, etc.) are conservative. This
_assumption is almost always realistic because of the small time scales involved.

3.2.1 Saurface-Point Discharges

Surface discharges consist of an outfall at (e.g., an open channel) the free
water surface or close to (e.g., slightly submerged pipe) it. Such discharges
have received substantial attention over the past decade, in particular as buoy-
ant surface jets for waste heat disposal. A concise summary of the properties
of buoyant surface jets, comprising the results of mathematical models and
data from field and laboratory experiments, has been given by Jirka, Adams,
and Stolzenbach (1981).

The major parameter describing the dynamic characteristics of the buoy-
ant surface jet is a discharge densimetric Froude number Fy:

_ Uy ' (3.2)

F, = —————= )
0 (80/p0)g%

where Uy is the (mean) discharge velocity (m/s), po is the ambient density
(kg/m3), Ap is the discharge density deficit (kg/m?), g is the acceleration of
gravity (m/s?), and % is a characteristic length scale (m) of the discharge,
which is related to its cross-sectional area 4 by

2 = /AT

A rectangudar discharge channel, for example, with depth h¢ and half-width b,

has
Qo = \/hobo.

However, the actual channel cross-sectional shape (i.e., the separate values of
ho and bgy) is of limited dynamic importance except for very small Froude
‘numbers Fg— 1 (Jirka et al. 1981).

3.2.1.1 Stagnant and Weak Crosscurrents

Deep receiving water. A deep receiving water condition exists when the
vertical extent of the buoyant jet is sufficiently less than the existing water
depth H. Three models are in general use for this case, the models developed
by Stolzenbach and Harleman. (1971), Prych (1972), and Shirazi and Davis
(1974). The three models are available in the form of computer codes, which
are relatively inexpensive and simple to use and are well documented. The
Shirazi and Davis model is also available in a workbook format. The applica-
tion of these models yields spatially detailed predictions of the concentration
(or temperature excess) field of the surface buoyant jet. Figure 3.1 shows typi-
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Figure 3.1. Theoretical calculations and experimental data for centerline dilution in sur-
face plumes. Source: Stolzenbach, K. D., and Harleman, D. R. F. 1971.. An Analytical
and Experimental Investigation of Surface Discharges of Heated Water, Technical
Report 135, Massachusetts Institute Technol., R. M. Parsons Lab. Water Resources
and Hydrodynamics, Department Civil Engineering, Cambridge.

cal centerline dilution estimates for a thermal plume obtained with the Stol-
zenbach and Harleman (1971) model. Provided that certain simplifying condi-
tions are met, the predictions with the above models are found to be reasonably
reliable (for a complete assessment, see Dunn et al. 1975 or Jirka et al. 1975).

For radionuclide computations, however, it is usually sufficient to deal
with a few bulk features of the near-field mixing process (e.g., the bulk dilu-
tion S, and the transition distance x,) while neglecting its internal detail. The
bulk, or stable, dilution S, is reached at the end of the near field when the jet
has been stabilized and vertical entrainment has ceased.

The transition distance x, is a useful measure for the extent of the near-
field zone. The following expressions for S, and x, can be readily used as the
starting conditions of a far-field calculation:

S, = L4F,, (3.3)

x, = 158,F,. 3.4)
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Another important parameter is the maximum vertical penetration of the
surface jet:

hmax = 0.428F,, (3.5)

which occurs at an approximate distance 5.5 901"‘0 from the outfall.

Example 3.1. Consider an outfall with a flow of 0.5 m3/s through a chan-
nel of rectangular cross section with width 1 m and flow depth 0.5 m with ini-
tial density difference (Ap/p) = 0.002 into a stagnant semi-infinite water
body. E

Find the extent of the near-field region and the bulk dilution in the near
field:

=05 _
Upg= .03 Im/s,
12
0.5
=|1-—=| =0.5m,
o [ ;5 |

Fo= L =10.1,
. 0.002.981.0.5 -

x; =15-0.5-10.1 = 75.8 m,

S=14-101=14.1.°

Thus, the initial concentration of any radionuclide released from this outfall
will be reduced by a bulk factor of 14 after the near-field mixing. [End of
example]

In case of truly stagnant conditions, the jet trajectory is, of course, a
straight line. If a weak crossflow persists, the trajectory is curved in the direc-
tion of the crossflow. Also, the mixing mechanism is somewhat affected by the
generally more vigorous mixing produced by the action of the crossflow (see
Adams et al. 1975). Still, Eqgs. 3.1, 3.2, and 3.5 can be used for conservative
estimates of buoyant jets in weak crossflow. Alternatively, the workbook by
Shirazi and Davis (1974) can be used.

Several limiting cases of buoyant jet behavior exist, for which the above
equations (Eq. 3.3 in particular) do not hold. Three major limiting cir-

cumstances are addressed in the following: (1) too shallow receiving water, (2).

strong cross currents, and (3) confining lateral boundary.

Shallow receiving water. When the jet behavior is significantly affected
by the bottom, the receiving water can be said to be shallow. Virtually all
major cooling-water outfalls are in this category. A criterion for shallow water
conditions obtained from experimental and field data (Jirka et al. 1981) is
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(3.6)

hmax .
> 0.75,
H

where H is the water depth at the point of maximum plume depth, k.. An
empirical correction 7, can be applied to the deep water equations for dilution
to account for the inhibiting effect of a shallow receiving water. Thus, bulk
dilution under shallow conditions S, can be estimated by

S, = rS;. ‘ 3.7
The empirical factor 7, is given by
_[os | (3.8)
: hoa/H| '

3.2.1.2 Strong Crossﬂoﬁ (Shoreline-Attached Jets)

For. strong crossflows, the effluent plume may be pinned to the down-

. stream shoreline; and the entrainment of uncontaminated water into the plume

is inhibited from one side. In shallow water, where the plume is in contact with
the bottom, the ambient crossflow is prevented from passing under the jet; and
a relatively lower crossflow can cause shoreline attachment. The main parame-

ters in determining shoreline attachment are the relative crossflow velocity,
. R = U,/Uy (where U, is the crossflow velocity) and the shallowness factor

hmay/H. On the basis of -limited field and laboratory data, Jirka et al. (1975,
1981) obtained a criterion for shoreline attachment for a perpendicular
discharge and a straight shoreline as : )

- (3.9)

h max

H

R > 0.05[

No simple model predictions are available in the literature to estimate the
near-field mixing of strongly deflected “shoreline-attached jets. In part, this
problem is due to the fact that the mixing is often governed more by the ambi-
ent crossflow than by the discharge. Mixing in this case is more a far-field
than an actual near-field process and could be controlled by engineering
design. Thus, some empirical equations (e.g., Carter 1969) indicate a continued
mixing process, which is better described by a far-field model.

Detailed experimental studies on strongly deflected jets (see the summary
by Adams et al. 1975) indicate that the actual near-field mixing in attached
jets is always considerably less than in the corresponding nonattached shallow
jet that would be predicted by Eq. 3.7.
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A recirculation zone between the lee side of the jet and the shoreline reen-
trains already mixed water. Depending on the amount of blocking (see Eq.
3.9), the degree of re